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RESUMO

Substratos com topografias artificiais tém demonstrado serem capazes de
influenciar o comportamento celular. No entanto, dependendo da aplicagdo pretendida, a
sua fabricacdo pode ser complexa. De modo a ultrapassar as limitagdes de tecnologias
convencionais, utilizou-se um processo de fotolitografia, capaz de criar objetos 3D a uma
escala nanométrica, baseada no conceito de fotopolimerizacao induzida pela absor¢ao
simultanea de dois fotdes (TPP-Two Photon Polymerization).

A fase inicial do projeto caracterizou-se pelo desenvolvimento das competéncias
técnicas necessarias. No decorrer do processo de aprendizagem, foram também avaliadas
algumas das limita¢des do sistema, nomeadamente longos tempos de fabrico. De modo a
contornar a situagcdo, demonstrou-se a possibilidade de replicar objetos, previamente
fabricados por TPP, em polistireno (PS) e acido polilactico (PLA), usando para tal um
elastomero para criar moldes que permitem produ¢do em massa.

Apds uma série de otimizagdes e alteragdes de design, varios padrdes com
caracteristicas, micro (vigas) e nanométricas (tracos) assim como topografias baseadas
em pilares cilindricos com diferentes alturas (uniforme: Sum, 13um; variavel: 3 a 15um)
foram desenvolvidos e replicadas em PS de modo a avaliar o seu efeito na forma e
orientagdo de uma linhagem celular pré-osteoblastica, MG-63.

Os resultados dos substratos com pilares sugerem a existéncia de um valor limite
a partir do qual o tamanho dos pilares induz o alinhamento celular e mudanca de forma.
C¢lulas expandidas durante 72 horas s6 mostram alteragdes morfologias em superficies
com estruturas superiores a 6um tendo adquirido uma forma alongada e orientando-se
preenchendo os espacos entre pilares. O padrdo das vigas e tragos visou avaliar o efeito
simultaneo de duas topografias com escalas distintas numa s6 amostra. A sua analise apds
72 horas mostrou uma clara influéncia das estruturas micrométricas (vigas) e auséncia de
efeito por parte tragos, promovendo o alinhamento celular numa direcdo paralela as
estruturas assim como tendéncia a formar uma conformagao tipo tecido entre as vigas.

Como trabalho futuro foram sugeridas outras possiveis aplicacdes,
nomeadamente a nivel de analise de células individuais e estudos de invasdo celular. Por
fim, testaram-se para uso em TPP, diversas composi¢des de um biopolimero baseado em
PLA que teve como resultados mais positivos uma formulagdo de PLA/NVP (N-

vinilpirrolidona) usando 5%Wt. de um fotoiniciador derivado de benzofenona.



ABSTRACT

Patterned surfaces have been shown to be capable of influencing cellular
behaviour. However, depending on the intended application their assembly may be a
complex process. To overcome the limitations of common fabrication processes, a laser
lithography technique based on the two-photon absorption effect, was used to construct
several micro and nanostructures.

Initial stages of the project were devoted to developing the technical skills and
assessing the limitations of the two photon polymerization (TPP) fabrication process. It
was additionally shown, the possibility of mass producing TPP constructs by replicating
them, via soft lithography, in polystyrene (PS) and polylactic acid (PLA) imprints,
without losing the original geometry.

Following a series of optimizations and design alterations, two classes of
patterned surfaces were fabricated, replicated in PS and seeded with a pre-osteoblastic
stem cell lineage, MG-63, for 72 hours.

The first class, was developed to explore the effect of micro (beams) and nano
(dashes) structures within the same sample. The 72 hour timepoint analysis has shown a
significant influence of the micrometric structures (beams), as opposed to the dashes, in
inducing cell orientation and migration following a direction parallel to the beams as well
as a tendency to form a tissue like conformation in the spaces between beams.

The second class of patterns included two uniform cylinder based pillar
topographies, with different heights (low: Sum and high: 13pum) and a ramp-like structure
with variable pillar height (3 to 15um). Contrary to cells expanded in the smaller pillars,
both the high and variable height patterns promoted an elongated shape, with cells
orientated across the pillar spaces. The height gradient created by the variable pillars,
suggested the existence of a height threshold capable of inducing morphological change,
since only cells within the patterned region where pillar height is greater than 6um,
exhibit similar behaviour to the high pillars topography.

As future work, it was also suggested that this fabrication technique may find
wide application in single cell analysis and migration studies. Lastly, several custom
PLA-based biopolymers were developed\optimized, for two photon fabrication. The best
formulation was obtained for a 50/50 ratio of a PLA\NVP (N-vinylpyrrolidone) monomer

mixture and 5%Wt. of a Benzophenone derivative photoinitiator.
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Figure 16 —Illustration of a sample holder device capable of storing up to ten sample positions. The green and grey
areas represent the total addressable area by the XY and piezo stage, respectably. Image from NanoScribe
operational handbook ManUAIBL................cocooviiiiiiiiieee ettt 30

Figure 17 — Illustration of stitching method used to create patterns larger than 300um2 with the piezo stage. The
structure was created using blocks 0f300 and then use the XY stage to pOSItion. .........cecevverveeienierveneesieniens 30

Figure 18 - This figure depicts the principle of tilt correction. To facilitate understanding, the tilt has been reduced to
one direction and the angle has been exaggerated. The left hand side shows the uncorrected situation, the right
hand side demonstrates side demonstrates the tilt-corrected Case..........cvevririrererieiieiececee e 31

Figure 19- Examples of fabrication errors resultant from the technical limitations of large area printing. a) SEM image
of a pattern composed of small dashes (3um length) fabricated by stitching (Figurel17) where a positioning
inaccuracy led to voxel overlap. a.1) Higher magnification image of the defect. b) Beam structures collapsed due
to stitching errors and lack of tilt correction (FIGUIET8). ......coiiuirierieiieieiieiceieee e 31

Figure 20 — Examples of TPP heat induced fabrication defects. a) SEM image of a woodpile pyramid exhibiting
microboiling deformation at the top section. a-1)Higher magnification of the deformation. b) Bright field image
an array of 3x3 grids with localized laser induced damage (lower bottom right section). b-1) Higher magnification
OF the DUINE ATCA........oiiiiiiiiiiiiiciice et 32

Figure 21- SEM images of TPP fabricated structure and PS replica. a) Pyramid array fabricated by TP. a.1) Higher
magnification of the structure where a ridge-like surface pattern can be seen. b) Polystyrene replica of the array.
b.1) Higher magnification of the imprint which presents a smoother surface than the original mould. ............. 34

Figure 22 - Three dimensional model of a pattern. a) Schematic overview of a structure built using beams and dashes.
a.1) Isometric magnification view of the beams. a.2) Magnification detailing the dashes. .........ccccoevveruieciennne 35

Figure 23- Fluorescence images of PDMS negative moulds. a) Untreated PDMS mould showing a high percentage of
unremoved photoresist represented by the bright spots. b) Non-stick coated mould.............ccooevrvveriecienreeennen. 35

Figure 24 — SEM images of PS and PLA imprints fabricated using the non-stick coated PDMS mould from Figure
24.b). a) Overview of the beam and dashes PS replica. a.1) Greater magnification detailing the PS dashes. a.2)
Magnified view of a PS beam. b) General view of the PLA beams and dashes replica. b.1) Magnified image of
the PLA dashes. b.2) Increased magnification of @ PLA Deam...........ccecuvevieriirieniieienieieseeienie e 36

Figure 25 — 3D generated model of PS and PLA beam and dashes structures. a) 3D model of PS replica of the beams
and dash pattern. a.1) Height heat map of the PS model. a.2) Measurements of PS features height. a) 3D model
of PLA replica of the beams and dash pattern. b.1) Height heat map of the PS model. b.2) Measurements of PS
TEATUTES NEIGNL. ..evteiniiiieee ettt b et bt et e bt et sbt e bt e bt et e sbe et e ebe et e sbeebeeneente et 37

Figure 26 — Early fabrication stage of TPP constructs. a) 3D model of a wireframe cube. a.1) Brightfield image of
collapsed wireframe cube array. Fluorescence image of the collapsed array. b) Schematic of a helix array. b.2)
Brightfield image of the remnants of the helix array. b.2 Fluorescence image of the helixes. ¢) 3D representation
of a solid rectangle. c.1) Brightfield image depicting the deformation of the fabricated design. c.2) Fluorescence
1mMage Of the SOLId TECLANGIE. ....c..ceiuiiuiiiiitieie ettt ettt st ettt et bt e b et e b sb e e b eaeense e 38

Figure 27 - Parameter sweep test for different laser power and scanning speed values as well as lateral resolution testing.
Laser power is set to increase from 20 to 150 % (increments of 10%) and writing speeds range from 50 to 300 um/s
(25 JUN/S TNICTEIMENLS ). ..eeuvevienrestieteeeeesteeteeteseeesseestessesssesseaseessesssesseassessasssesseassassesssenseessessesseensesssensesseensenssessenss 39
Figure 28- SEM image of the parameter test lines for 20% laser power and100pum/s writing speed. .........ccevervennen. 40

Figure 29-SEM images show the influence of laser power on voxel dimensions. a) Test lines written at100um/s and
laser power of 50%. b) Test lines fabricated at 100um/s and laser power of 150%. .......cccovevverieriecininieninennens 40

Figure 30 - Iterative process of TPP fabrication. By replicating a structure, or a part of it, the best combination of
fabrication parameters and design i AChIEVEd. ........cc.eviiriiriiiiiieiieee ettt 41

Figure 31 — SEM images depicting several attempts to create an array of reproducible and stable vertical voxels. .... 42
Figure 32- Three dimensional concept model and SEM image of the woodpile pillars pattern. a) Side view. b) Top

view. c) Isometric view of a single woodpile cylinder. d) SEM image of the finished pattern with a partially
collapsed area. d.1) Higher magnification of the collapsed pillars. ..........ccccecevirereieininineeeeeeeecene 44
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Figure 33 - Three dimensional concept model and SEM image of the concentric pillars pattern. a) Side view. b) Top
view. ¢) Isometric view of a single concentric cylinder. d) SEM image of the finished pattern d.1) Higher
mMagnification OF the PILATS. ........coiiiriiiiiiiii ettt 45

Figure 34 - Three dimensional concept model and SEM image of the variable pillars pattern. a) Side view. b) Top view.
¢) Isometric view of a concentric cylinder. d) SEM image of the finished pattern d.1) Higher magnification of
TRE PILLATS. ..ttt sttt a et b e b e b et et e et b e bt e b e b et en b e n e e st n e et e ket et et eneeneeneeteeaennan 46

.Figure 35 — 72h fluorescence images for woodpile pillars with collapsed section. Red: F- actin stained with Phalloidin
355. Blue: Nuclear staining with DAPI 594. a) Composite image resultant from bright field and Fluorescence
images, divided into three regions: A, B and C, corresponding to Reference area, collapsed section and patterned
surface respectably. A) Further magnification of fluorescence image on the reference area. B) Collapsed Section.
C) PatterNed SUITACE. ...ccuviiiiieiiieiiecieesee ettt ettt e st e et e et e e teessbeessaeesseessseenseeasseensaesaseensseanseensseensaens 47

.Figure 36 - 72h fluorescence images for concentric pillars. Red: F- actin stained with Phalloidin 355. Blue: Nuclear
staining with DAPI 594. a) Composite image resultant from bright field and Fluorescence images, divided into
two regions: A and B, corresponding to Reference area, and patterned surface respectably. A) Further
magnification of the reference area. B) Patterned SUIface. ..........cocevveriieieniiiiiniieieeceeeee e 48

Figure 37- 72h fluorescence images for the variable pillars pattern. Red: F- actin stained with Phalloidin 355. Blue:
Nuclear staining with DAPI 594. a) Composite image resultant from bright field and Fluorescence images,
divided into three regions: A, B and C, corresponding to Reference area, high pillars section and low pillars
surface respectably. A) Further magnification of fluorescence image on the reference area. B) High pillars
section. C) Low pillars patterned SUITACE. ........ccvieieriirieriieierie ittt sttt e seeebe e esesseenseennenseens 49

Figure 38-72h fluorescence images for the variable pillars pattern. Red: F- actin stained with Phalloidin 355. Blue:
Nuclear staining with DAPI 594. a) Bright field image of the reference area. b) Fluorescence image of reference
area. ¢) Brightfield image of patterned surface. d) Fluorescence image of patterned surface...........c.cccoeeeenene 50

Figure 39 — 24h composite image of the patterned surface. Red: F- actin stained with Phalloidin 355. Blue: Nuclear
staining with DAPI 594. Zones A, B and C represent areas of the pattern without dashes. ..........ccceeveruieeiennne 51

Figure 40 — SEM images of various substrate patterns for possible single cell analysis application. a) Cage-like structure
with spikes pattern. b) Cylinder array. ¢) Sharp cone array. d) Blunt cone array. ..........ccoecveevereevieneecieneennennnn 53

Figure 41 — SEM image of a cage array template for possible application in single cell analysis. .........ccccccceverinennene 54

Figure 42 — SEM images of different structures with possible application in migration studies. a) Solid smooth cone.
b) Half-pipe. ¢) Random 3D shape. d) Hollow pyramid. d.1) Greater magnification of the hollow pyramid..... 55

Figure 43 — Live image of polymerization of a PLA/PC composite. a) PLA/PC with 5% Benzophenone initiator. b)
PLA/PC With 7.5% IMIATOT. ...cc.eitiiiiiiieieiiitiitieteset ettt sttt sa et besae b saennes 58

Figure 44- SEM images depicting the results from trial 5 (samples 1, 2, 4 and 5; table 8). a) PLA/PC with 2%
Benzophenone. b) PLA/PC with 5% initiator. b.1) Further magnification. ¢) PLA/NVP with 2% initiator. d)
PLA/NVP with 5% initiator. d.1) Further magnification............ccocueevieriiiieniieieiecieiceeee e 59

Figure 45 - Excitation and emission spectra of fluorophores used for staining. Emission spectrum of the mercury lamp
used in the fluorescence microscope. Filters used for imaging of different fluorophores. Source:
https://www.thermofisher.com/pt/en/home/life-science/cell-analysis/labeling-chemistry/fluorescence-

spectraviewer. html?ICID=svto0l&UID=3585ANa.........c.ccceevieririeiieieriieeete ettt sre e sse e esbeeseese e 74
Figure 46 — Heat map and peak graphics obtained by white light interferometry for a Polystyrene imprint. .............. 75
Figure 47 - Heat map and peak graphics obtained by white light interferometry for a Poly(lactic) acid imprint......... 76

Figure 48 - Absorption Specta (% in Acetonitrile) of Irgacure 2959 photoinitiator, from Ciba Specialty Chemicals.
Source: http://www.xtgchem.cn/upload/20110629045632.PDF .........ccooiiiiiiiiiieieeeieeeiereee e 77

Figure 49 — Absorption spectra of 4,4'-Bis(diethylamino)benzophenone photoinitiator from Sigma-aldrich. Source:
https://www.sigmaaldrich.com/content/dam/sigma-ldrich/docs/Aldrich/General Information/photoinitiators.pdf
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INTRODUCTION

1. REGENERATIVE MEDICINE

A number of organs in the human body, possess an innate, albeit limited, ability
of self-regeneration in the event of injury!’?. The underlying mechanism of this
regeneration is not, as of yet, fully comprehended, but has clear therapeutic potential for
human applications .

When tissue integrity is compromised, a coordinated response is triggered
involving cellular components of the immune system, blood coagulation factors and
inflammatory pathways. These mechanisms, enhance recovery and ensure homeostasis
restoration by promoting cell proliferation, differentiation and migration®>.
Notwithstanding the complexity of the wound repair process, uncontrolled and malignant
transformation of these cells is a rather uncommon event®.

Following injury or degeneration, recovery is possible via two processes: scar
formation and regeneration. The first, is characterized by the substitution, of once
functional tissue, by a patch of cells (mainly fibroblasts) and disorganized extracellular
matrix (mainly collagen) to re-establish continuity of the injured organ®’. The second,
involves recreating the injured organ, by reactivating the developmental pathways that
originally led to its creation’. This ability to completely recreate complex structures is
present in some lower species and (to a limited extent) in human foetus, but it is lost
during adult life>8.

Understanding how complex regeneration occurs in nature, entails knowledge
from different technological areas. Thus, by combining cell transplantation, tissue
engineering (TE) and stem cell biology under one unifying concept - regeneration of

living tissues and organs - the regenerative medicine (RM) field emerged’.

2. TISSUE ENGINEERING

As one of the major components of regenerative medicine, the tissue engineering
(TE) field studies non-mammalian and human development, using tools from cell
biology, genetics, materials science and bioengineering, to restore, replace or regenerate

the reparative pathways of defective tissues>!*'2. This may be achieved either by,



injecting functional cells into a non-functional site to stimulate regeneration and/or
employing biocompatible materials (biomaterials) to create new tissues and organs'>!'.
Current efforts to improve and increase therapeutic options, rely on using a

diversity of biomaterials and stem cells. However, apart from a few cases of successful

9,14-17 16,18,19

clinical application , modern TE technologies still face several limitations
Amongst them, the inadequate understanding of the underlying biological mechanisms,
technical problems (i.e. large scale expansion of, exogenously manipulated, stem cells)

and also regulatory issues regarding costs and safety?’.

2.1. CELL TYPES FOR TISSUE ENGINEERING APPLICATION

In many tissues/organs, such as the hematopoietic system, intestine, and
epidermis, cells have a short life span and rely on stem and progenitor cells for continuous
homeostatic maintenance (or tissue turnover) and tissue repair/regeneration®!.

Given their unique regenerative abilities, stem cells possess the potential for
treating many diseases such as diabetes??, and heart disease’>. However, cell-based
techniques aimed at tissue and organ replacement are hindered by the inherent difficulty
of growing specific cell types in large quantities. Many loose critical phenotypic traits
with increasing time in culture, however, advances in cell biology have allowed the
discovery of culture conditions that favour the proliferation of cells in vitro under

conditions that allow maintenance or recovery of cell phenotype!®.

2.1.1.STEM CELLS AND OTHER PLURIPOTENT CELL TYPES

Stem cells are distinguished from other cell types by two important
characteristics. They are unspecialized cells capable of self-renewal (through cell
division) and under certain physiologic or experimental conditions, are capable of
differentiation into tissue or organ-specific cells**.

There are two main types of stem cells, embryonic and non-embryonic.
Embryonic stem cells are blastocyst derived with the potential to develop into cells and
tissues of the three primary germ layers: ectoderm, mesoderm and endoderm?,

Within non-embryonic stem cells, fetal stem cells are derived from the amniotic
fluid or umbilical cord tissue and adult cells may originate from different body tissues.
These stem cell types are mainly multipotent and thus have a limited ability to

differentiate”?.



However, it is possible to reprogram adult somatic cells to an embryonic-like
state by transfer of nuclear contents into oocytes or by fusion with embryonic stem (ES)
cells. These cells, designated as induced pluripotent stem cells (iPSCs), exhibit the

morphology, growth properties and express cell marker genes of embryonic stem cells
23,26,27

2.1.2.NATIVE PROGENITOR CELLS

Typically, stem cells generate an intermediate cell type or types before they
achieve a fully differentiated state. Native targeted progenitor cells, also known as
primary cells, are tissue-specific, unipotent cells, already programmed to become a
specific cell type which can be expanded and used in the same patient without rejection,
in an autologous manner?.

This limited differentiation ability however may not be as irreversible as once
thought since it has recently been shown that it is possible to reprogram them into a
multipotent state (iMPC- induced multipotent progenitor cells)**?’.

It is often difficult to distinguish adult, tissue-specific stem cells from progenitor

cells. However there are certain key differences between them?’:

Table 1 — Main distinctive characteristics between adult stem cells and progenitor cells.

Characteristics Adult Stem Cell Progenitor Cell
Self-renewal in vivo Unlimited Limited
Self-renewal in vitro Unlimited Limited
Potentiality Multipotent\ Pluripotent Unipotent\ Multipotent
Maintenance of self-renewal Yes No

Reaches maximum number of cells before ~ Does not reach maximum

Population differentiating population

Using stem cell based research possesses numerous advantages over primary
cells such as scalability, stability, purity, reproducibility and others. While certain
experimental demands may only be met by the use of primary cells, the advantages of
stem cell derived cells for understanding basic biological processes are clear, however

the choice of which type to use dependent on the question being asked>'.

2.1.3.PLASTICITY

Several ideas have been put forward to explain stem cell lineage determination.

One current line of research is focused on the stem cells 3D microenvironment, or niche,



which is thought to influence/control genes and properties that define “stemness” of the
stem cells *2. Additionally, several studies have shown that differentiated adult cells are
capable can be converted into another cell lineage when implanted into a different niche,
potentially differentiating into cell types similar to those found in the new environment.
This phenomenon is referred to as plasticity or transdifferentiation™.

Stem cell differentiation may be induced in the presence of the appropriate
culture medium, containing growth factors and cytokines. However, these soluble factors
and factor-mediated signalling pathways do not explain all the mechanism leading to
lineage and fate determination’*3>.

It was shown that stem cells are able to sense, transduce, and respond to stimuli
such as shear stress*®, mechanical strain®’, matrix topography?®, and rigidity*°. This led to
a shift on research areas to focus not only on chemical factors but also on the physical
cues provided by the cells microenvironment*’. This includes signalling molecules, inter-
cellular contact and the interaction between stem cells and their neighbouring
extracellular matrix*!*2,

The mechanism through which a living organism responds to its mechanical
environment, e.g. physical force and hemodynamic shear stress is referred to as
mechanotransduction***, While responses in stem cells vary, these processes typically
modulate fundamental behaviours of stem cells including lineage regulation.

Despite the significance of these interactions in fundamental developmental
biology and the biomedical applications such as stem cell therapy, their widespread
incorporation in biological techniques is limited, and comprehension of the mechanism
of mechanotransduction still remains poorly understood. However, with the
establishment of microscale fabrication technologies and new materials it is possible to
create a more accurate and controlled biomechanical environment and therefore

investigate the effect of biomechanical regulation in stem cells*®*

3. BIOMATERIALS

Apart from blood cells, most, if not all other, normal cells in human tissues, are
anchorage-dependent and reside in a solid matrix known as extracellular matrix (ECM).
In tissue engineering, biomaterials can be used to replicate the biologic and mechanical

function of this matrix, providing a three-dimensional space for cells to attach, grow and



respond to bioactive cues\signals and migrate forming new tissues with appropriate
structure and function®*,

These biomimetic ECM structures, known as scaffolds, are typically comprised
of polymeric biomaterials and can generally be divided into three classes: synthetic
polymers, such as polylactic acid (PLA), polyglycolic acid (PGA) and their copolymer,

)46,47 :

poly(lactic-co-glycolic acid) (PLGA naturally derived materials, such as collagen

48,49 9,50

and alginate™ " and finally decellularized tissues matrices

Each class of biomaterial has its own merits. The use of synthetic polymers as
matrices and templates have the advantage of large scale reproducible production with
controlled properties of strength, degradation rate, and microstructure>'2. However,
naturally derived materials and acellular tissue matrices have the potential advantage of
biologic recognition. Furthermore, acellular tissue matrices are of particular interest when
attempting to recreate vascular networks capable of nutrient and gas exchange®. Using
decellularization protocols, it is possible to develop models for simple systems such as

54,55

blood vessels®**, urinary bladder®® and trachea®®. Even larger, more complex models

536263 and kidney®* 8, have been applied to pre-clinical

such as heart>®>8 lung>*6!, liver
in vivo studies using small animal models.

Even though the technology to fully regenerate a tissue, that does not already
possess the capability to spontaneously regenerate (e.g. bone), or to produce complex
organs de novo, is not yet available®, it is still possible to enhance the body’s innate

regeneration ability by replacing sections of tissue’%",

4. SCAFFOLD BASED TISSUE REGENERATION

The current strategy for tissue engineering typically entails the ex vivo expansion
of multipotential cell populations, followed by their transplantation into damaged areas’?.

In this regard, in vitro tissue screening still plays a pivotal role supplying
valuable insight to not only the structural organization but also the cellular and molecular
composition of a native tissue. It is of particular importance to study the interactions of
cells with absorbable matrices (cell proliferation and biosynthesis of matrix molecules)
and environmental factors required for tissue formation’’.

Cell expansion in 3D environments assumes the use of ECM (extracellular
matrix) biomimetic scaffolds, acting as space-holders to prevent intrusion of tissues from

the immediate vicinity into the affected site. They also provide a temporary support



structure for the tissue that they are intended to replace’. Fabrication of scaffold
structures that can facilitate cell-matrix interactions is not only crucial for cellular growth
behaviour, but is also a critical prerequisite for the success of engineering physiologically

functional tissues®’*.

4.1. SCAFFOLD FABRICATION PROCESSES

Given the importance of the role played by biomimetic ECM structures, it is not
surprising that some of the most important technological advances are the ones been made
regarding their fabrication processes!’. A wide variety of 3D scaffold fabrication
technique are readily available and can be classified into two main categories:
conventional techniques and rapid prototyping (RP) methods, based on the micro-
architectures they create’.

Conventional processes usually create scaffolds with a continuous, uninterrupted

76-79 78-81

pore network and include techniques such as: particulate leaching’® ", gas foaming"® ™",

82,83 84,85 86,87

fibre networking®®°, phase separation®>*’, melt moulding®™°’, emulsion freeze

88,89 92-94

drying®®*°_ solution casting”®’!, freeze drying®***, and combinations of those.

Still, these techniques lack precise control over pore size, interconnectivity,
porosity and spatial distribution within the scaffold as well as heterogeneous mechanical
strength and difficulty in manufacturing patient specific implants (control over external
geometry is limited)”>*°. Additionally, because of their fabrication process, they usually
have a limited ability to incorporate cells and proteins as they are normally implemented

under harsh conditions such as high temperature or in the presence of organic solvents”.

4.1.1.RAPID PROTOTYPING

To overcome the disadvantages of traditional methods, Rapid Prototyping, has
been introduced to facilitate the fabrication of customized three-dimensional scaffolds.
These constructs are usually assembled using computer-aided design (CAD) technology
to control the shape, internal architecture and to systematically deposit biomaterial/cells
in a layer-by-layer fashion.

Every technique has a lower technical limit for the size of its smallest
reproducible detail (i.e. resolution). That said, there is usually a clear relationship between
structure size and feasibility, the higher the resolution of the smallest details, the smaller

will be its maximum object size®®.



The following table represents an overview of common RP techniques for
biomedical applications, classified according to three working principles: nozzle-based,

printer-based and laser-based systems’’:

.Table 2 - Rapid prototyping techniques overview for Tissue Regeneration

Technology 3D mechanism Material state  Resolution References
Nozzle based
Fused deposition Modelling Cool to solidify Semi-molten ~ 250-1000pm  98-100
Precision Extrusion Deposition Cool to solidify Semi-molten - 101,102
Precision Extrusion Manufacturing Cool to solidify Semi-molten - 103
Multiphase Jet Solidification Cool to solidify Semi-molten ~ 200mm 104-106
3D Fibre Deposition Cool to solidify Semi-molten - 107,108
Pressure Assisted Micro-Syringe Solvent evaporation ~ Liquid 7-500mm 109
Low Temperature Deposition Modelling Lower temp. frozen Slurry 300-500pm 110,111
Multi-Nozzle Deposition Manufacturing Lower temp. frozen Liquid 300-500pm 112,113
3D-Bioplotter Moisture curing Colloid 45-1600pum 114
Direct Ink Writing High yield stress Slurry 5-100pm 115
Printer based
3D-PrintingTM Crosslink Liquid, paste 100pum 116
Inkjet printing Crosslink Liquid 50-250pm 117-119
Laser based
Selective Laser Sintering Material fuse Solid - 100,120
Stereolithography Photopolymerization  Liquid 30um 100,121
Micro-Stereolithography Photopolymerization  Liquid lum 97,122,123
Two photon polymerization Photopolymerization — Liquid <100nm -

NOZZLE-BASED SYSTEMS

Nozzle-based systems are very diverse and can either be heat-independent or
melting processes. They allow fabrication using computer assisted deposition of material
and the dimensions of the finished object are only dependent of material viscosity,
deposition speed, tip diameter and the applied pressure. These were specifically
developed to produce scaffolds for soft tissue engineering thus allowing the system to

process thermally sensitive bio-components and even cells!?*.

PRINTER-BASED SYSTEMS

Printer-based systems implement inkjet technology as a scaffold manufacturing
technique. They can either be drop-on-demand, where individual droplets are controlled,
or continuous ejection types. In this mode, “ink” is continuously deposited from a nozzle
under pressure, the jet then breaks up into a train of droplets whose direction is controlled
by electrical signals'?. Like the nozzle-based systems, building a construct occurs in an
additional computer-controlled layer-by-layer sequence with deposition of material.

They include techniques that allow fabrication of parts in a wide variety of
materials, including ceramic, metal and metal-ceramic composite as well as various

polymers.



LASER-BASED SYSTEMS

Unlike the nozzle- and printer-based systems that sequentially deposit materials,
in this subclass, parts are built from photocurable materials undergoing a
photopolymerization process.

Stereolithography (SLA) is one of the most commonly used technique in this
subset and uses a computer controlled laser, capable of XY-movement and a fabrication
platform (for vertical plane movement), to cure several types of photosensitive
materials'®®!?!, These systems have been commercially available since the late 80’s and
allow the creation of 3D parts with resolution down to approximately 30 micrometres®’.
Although sufficient for industrial design, this restricted miniaturization usually precludes
fabrication of more advanced micro and nanostructures for tissue engineering
applications'?®. To overcome this limitation, microstereolithography (u-SLA) was
introduced in 1993, allowing fabrication processes capable of building, very accurately
(~1um), objects of several cubic centimetres®’-!2%12,

In 2009, NanoScribe (GmbH Germany) released a commercial u-SLA apparatus

based on two photon polymerization.

5. Two PHOTON POLYMERIZATION (TPP)

Two photon-polymerization (TPP or 2PP) is a laser-based fabrication technique
that uses the effect of two photon absorption (TPA) to trigger a polymerization reaction,
of a photosensitive material, in order to fabricate three-dimensional structures'?”!28, It
offers unique advantages, when compared with other methods, as it has no topological
constraints and is capable of achieving sub-diffraction limit resolutions, to create

reproducible micro/nano-sized objects, with feature sizes of less than 100nm'*’.

5.1. TWO PHOTON ABSORPTION

The first scientific reports of multiphoton absorption induced
photopolymerization date more than fifty years'*°. However, it was with the work by

Kawata et al., (1997) and other fundamental experiments'?'~133

, that two photon
polymerization was regarded as an established fabrication technique for 3D micro-
structure fabrication.

The two photon absorption (TPA) effect is a nonlinear optical process, first

predicted by Maria Gdppert-Mayer (1931) in her doctoral dissertation'**. However,



experimental confirmation was only possible 30 years later by Kaiser and Garret
(1960)!33, after the invention of laser.

The effect is based on the assumption that a molecule can reach an excitation
state by either absorption of one photon (of energy av) or by the simultaneous absorption
of two photons (hvy, hv,), each having half the energy required for the transition, as seen

on equation 5.1-1, where h is the plank constant and v frequency.

hv = Zhu, + 2 hv, (5.1-1)

5.1.1.ONE PHOTON EXCITATION

When at ground state (So), a fluorophore can be excited into a higher energy
level (S)) by absorbing one photon. After a short period of time, it will relax back to its
fundamental state by emitting a photon of light. To efficiently excite the fluorophore, the
excitation photon should have a wavelength (A,,) that corresponds to an energy which

matches the energy of the excited state of the fluorophore (Es;)'3°.

5.1.2.TWO PHOTON EXCITATION

Two-photon excitation is accomplished by simultaneous absorption of two
photons during a single event. Each photon has half the energy as in the corresponding
single-photon absorption event!’.

The energy of a photon is inversely proportional to its wavelength, therefore in
two-photon excitation, the photons should have a wavelength (,,) of approximately twice
that of the photons required to achieve an equivalent transition under one-photon
excitation.

A fluorophore absorbing light at 390nm can be excited by two simultaneous
photons at approximately 780nm (Figure 1). The resulting excited state from which
emission occurs is the same singlet state as that excited during conventional one-photon
absorption. Thus, the fluorescence emission after two-photon excitation is exactly the

same as that generated in normal one-photon excitation!?%!3%,



One photon Two photon

S

1 1
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Figure 1- Jablonski diagram of one-photon excitation (left) and two-photon excitation (right). In each case, the
absorption of photon(s) generates an excited state from which the molecule can relax by emitting a fluorescent photon.

The probability of n-photon absorption is proportional to the n** power of the
photon flux density. As a result, while the rate of single-photon absorption scales linearly
with intensity, i, of the incident radiation, the rate of TPA scales quadratically'’.

To achieve significant probability of absorption, the two photons should be
incident on the fluorophore almost simultaneously, i.e. ~107'%s. This requires a much
higher photon flux (~10°¢ times more) than one-photon excitation which is achieved by
tight focusing of an ultra-short pulsed laser source rather than a high powered continuous
wave laser. The shorter the pulse, the greater the concentration of photons in time and
thus the higher the peak power when compared to the average power. This allows for
significant probability of two-photon absorption occurring while still maintaining low

incident power!26-136-138

5.1.3.ONE PHOTON VS. TWO PHOTON POLYMERIZATION

Figure 2 illustrates the different photon absorption per transverse section of a

focused laser beam, in one-photon (dashed line) and two-photon (continuous line) photon.

Focused laser Beam

|
: -y \
Optical
Axis Fos:al 1
point |
1
I
A v v
Volume where linear Volume where two photon
absorption takes place absorption takes place

Figure 2- Integration of the intensity (- - -) and intensity square (——) in each transverse section of the focused laser
beam along the optical axis. While the probability of one photon absorption is always the same, for two photon
polymerization absorption is highest at the focal point.



Single photon excitation has a linear response and therefore the absorption
probability is the same along the optical axis. As a result, the absorbing molecules are
inadvertently excited outside the focal point which result in a decreased resolution.
Conversely, in two photon absorption, given its quadratic dependency, sufficient photon
flux density is only achieved within the focal point, where the absorption reaches a
maximum. This ensures an enhancement in resolution since the only molecules reacting

are located within the focal point!“°.

5.2. PHOTORESIST

Two photon polymerization and other light based lithography techniques,
require the use of photosensitive materials known as photoresists (also designated as
resists or resins) to create an object. They are mainly composed of monomers (or
oligomers) and photoinitiators. Additionally, other components can be added, such as
inhibitors, to prevent uncontrolled polymerization (e.g. during storage), or
photosensitizers to improve the resin’s sensitivity to specific wavelengths and
dyes!26:140.141,

The solubility change of photoresists is a fundamental part of the lithographic
process. As such, they can be classified in two types: positive or negative. The following
schematic illustrates the differences generated by using positive or negative resists during

a photolithography process:

Photoresist ——»

<+——Substrate

l

Exposure

Al

Crosslinked ———
polymer

Positive Negative
development development
" n—

i

Polymer is more soluble Polymer is less soluble
after exposure after exposure

Figure 3 - Schematic representation of masked photolithography fabrication using positive or negative photoresists.
Positive resists become more soluble after exposure and exposed areas are easily removed by a solvent resulting in a
structure with the same features as the mask. Alternatively, negative toned resists become crosslinked upon exposure
and are therefore less soluble, unexposed areas of resists are soluble and are washed away by a developer agent, the
final structure is the opposite of the mask.



For positive resists, the photochemical reaction triggered by energy exposure,
causes the unprotected areas (gaps in the photomask, Figure 3) to become more soluble
thus easily removed by development or rinsed away. Since the protected areas do not
undergo polymerization, the final object is comprised of the original photoresist.
Conversely, upon irradiation, negative toned resists undergo cross-linking which lowers
their solubility and allows for the unexposed material to be dissolved or rinsed away'*?.
Despite being an inherently maskless process, this concept still applies to TPP which
commonly employs epoxy or acrylate-based negative photoresists.

Some commercially available epoxy-based resists include SU-8® or CAR44®
and acrylate formulations such as ORMCER® (Organically modified Ceramics), SR500®
(JSR, Japan), or NanoScribe’s IP resists are amongst the most used!#!44,

For applications in which empty volumes such as 3D tubes, tunnels or moulds
are required, e.g. microfluidics, positive photoresists such as the AZ® series (AZ
Electronic Materials) may be used!®.

Two photon fabrication is by no means limited to commercially available resists
and most often, “in-house” prepared formulations are used in order to better suit the
researchers need and it is even possible to use moulding and casting techniques for

replication into other materials of interest'*!.

5.2.1.MONOMERS

Acrylates are one of the most common resins for TPP due to their large range of
commercially available formulations, with different functionalities, sizes, and
compositions'*®.  Furthermore, given their high polymerization rate, via radical
mechanism, they allow for fast polymerization speeds, which are essential in order to
decrease processing times. Other reported materials include hydrogels 47, siloxanes'*,
and organic/inorganic hybrids!#15°,

The characteristics of the final polymer may be controlled by changing the
monomer, or the mixture of monomers, used in the resin. Also, for applications that
require liquid resists, solvents are also added to the composition which allow control over
viscosity and resist thickness (by wet spinning processes). For example, to control
polymer hardness and amount of shrinkage, it is possible to use highly branched

monomers incorporating cyclic structures. These kinds of monomers produce highly



cross-linked solid polymers that can easily withstand the development step after
fabrication without swelling and therefore losing mechanical structure'®!.

Additionally, it is possible to further tailor specific properties of the produced
microstructure by doping the base resin with different compounds, therefore changing the

physical, chemical, biological and optical properties of the final microstructure.

5.2.2.PHOTOINITIATORS

A photoinitiator is a chemical compound that decomposes upon irradiation, by
converting absorbed light energy, into chemical energy in the form of reactive species
which will initiate a polymerization reaction'>2.

Three main groups of initiators can be distinguished: radical, which yield free
radicals upon decomposition, ionic which creates ions and a third group capable of
forming both free radicals and ions. The type of photoinitiator used depends on the

monomer type used in resin preparation'>?.

5.3. PHOTOPOLYMERIZATION

Photopolymerization is a conversion process of unsaturated molecules, in the
liquid state, into solid macromolecules using light (UV, visible or infra-red) to trigger
chain, or step polymerization reactions'**.

Inducing a photopolymerization reaction, requires materials with a sufficiently
high efficiency of initiation (quantum yield). Monomers and oligomers however, have
inherently a low quantum yield value (i.e. molecules converted per absorbed photon). As
aresult, in order to initiate a reaction, it is necessary to supplement the material with light
sensitive molecules such as photoinitiators'?®.

Depending on initiator choice, the polymerization reaction may be triggered by
different mechanisms, however, the majority of applications in TPP are usually initiated

by free radicals'>?

and undergo a chain-growth polymerization process, as seen on
equation 5.3-2. Here, M is the monomer or oligomer unit, and M,, the macromolecule
containing # monomer units:

M M M
M = My — Mg - My_; > M, (5.3-2)



5.3.1.FREE RADICAL FORMATION PROCESS

Radical chain polymerization is a chain reaction consisting of a sequence of three
steps— initiation, propagation, and termination.

The initiation stage is considered to involve two reactions. Firstly, upon
irradiation, the photoinitiator (I) is decomposed (usually by homolytic dissociation) to

yield a pair of radicals (R -):

kd

[->1" > 2R (5.3.1-3)
Where kg is the rate constant for the catalyst dissociation. The second part of the initiation,
involves the addition of the formed radical to a monomer molecule to produce the chain

initiating radical M;

R-+MSRM, - (5.3.1-4)
During the propagation phase, successive additions of large numbers of
monomers to M results in the growth of the chain initiating radical. Each addition creates
a new radical that has the same identity as the one previously, except that it is larger by

one monomer unit. The successive additions may be represented by:

RM; - +M, 5 RMy, 1 - (5.3.1-5)

In chain polymerization, monomers react only with the propagating reactive

centre, not with other monomers, and chain addition ceases when the active species are
depleted by a number of termination reactions. At this termination stage, two radicals
react with each other by combination (coupling) or, more rarely, by disproportionation
which results in the formation of two polymer molecules, one saturated and one

unsaturated.

(Combination)

RM,, - +RM,, = RMp,nR (5.3.1-6)
(Disproportionation)
RM,, - +RM,, - RM,, + RM,, (5.3.1-7)

The molecular weight of chain polymers increases rapidly during polymerization
and typical monomer to polymer conversion rates range between 70% and 90%!26-128:152
154

There are many commercially available radical photoinitiators, some of the most

common are the Irgacure® series'>’.



5.4. PRINCIPLES OF TPA LASER LITHOGRAPHY

A typical TPP lithography system consists of a femtosecond laser source with
high repetition rate, an attenuator for controlling the laser intensity, the focusing optics
and translation stages and an acousto-optical modulator (AOM), to control radiation

on/off regimes. A simple representation is illustrated at figure 4:

Figure 4 - Schematic of a typical setup for two photon polymerization (2PP) processing. Femtosecond (fs) laser pulses
are focused into a volume of the photosensitive resin. The structures are fabricated by moving the laser focus in the xyz
plane using a set of linear positioning stages, allowing the sample to be positioned within any 3D position. AOM:
Acousto-optical modulator. Image from NanoScribe operational manual'®'.

A pulsed near-infrared (NIR) laser is guided into an inverted microscope and
tightly focused into a light sensitive resist. Substrate movement in all three spatial
dimensions is assured by means of a motorized coarse stage (xy-stage) and a piezo stage
(piezo) for fine positioning which enable polymerization along arbitrary trajectories in

3D space.

5.4.1.VOXEL FORMATION, RESOLUTION AND DIFFRACTION LIMIT

During TPP, crosslinking mainly occurs in the region with the highest
concentration of radicals. This corresponds to the central part, of the square light intensity
distribution, at the focal plane and induces the formation of volume elements with an
ellipsoid shape, i.e. voxel (Figure 5). These volumetric pixels are the “building blocks”
of any structure since it is their precise positioning and overlapping that yield the desired
final result. As such, the resolution (i.e. ability to distinguish the shape and size between

two elements) of TPP systems is limited by voxel dimensions.
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Figure 5 — (Left): Representation of a voxel. (Right): Illustration of the voxel ellipsoid shape. Left image from
NanoScribe user manual'' . Right image from Jipa et al (2013)>%.

For optical instruments, the resolution is proportional to the size of its objective,
and inversely proportional to the wavelength of the light being observed. Theoretically,

the highest resolution that can be achieved by a focusing light microscope before light

starts scattering, may be estimated by Abbe’s diffraction limit!®:
. . A
difraction limit = “va (5.4.1-8)

Where 4 is the laser wavelength and NA is the numerical aperture of the focusing
objective. From this relationship, shorter wavelengths or larger NA may increase
resolution, however, in regards to conventional optical systems, it also means that the
diffraction limit cannot be circumvented.

Several devices exist that, alongside TPP, are capable of overcoming the
diffraction limit. These include atom, electron or ion waves and also non-light patterning

techniques, as scanning tunnelling microscopes (STMs)!’

, atomic force microscopy
(AFM)'*® and near-field scanning optical microscopy (NSOM)'*°. These systems are
capable of achieving very low features (tens of nanometres), however, they mainly used
for surface and not in-volume patterning.

For TPP the diffraction limit can be circumvented, since the photochemical
processes responsible for the formation of voxels have a threshold response to light
excitation. In this case, the diffraction limit becomes just a measure of the focal spot size,
it does not put any actual restraint on voxel sizes. According to equation 5.4.1-8, if an

800nm wavelength laser source (NIR region) were to be focused through a 1.4 NA

objective, the diffraction limit should be approximately 285nm. However, this theoretical



limitation has been easily surpassed since fabrication of voxels with transverse dimension

as small as 30nm, have already been achieved'®* 162,

5.5. APPLICATIONS AND LIMITATIONS OF TPP

A brief overview of some of the most common research areas employing TPP is

presented in Table 3.

Table 3 - Overview of various possible application areas for TPP fabrication.

Field Description References
Optics
Photonic crystals Photonic crystals and metamaterials allow moulding the flow of light as well as 163,164
controlling the dynamics of photons.
Photonic Surfaces Applications include diffractive optical elements (DOEs), gratings, metamaterials, 165,166
optical security labels and biomimetics.
Optical interconnects Wire bonds to bridge the gap between nanophotonic circuits on different chips. 167,168
Mechanical Development of generic mechanical microstructures such as cantilever beams, 169,170

bridges, springs and structures with movable parts such as gears or windmills.

Microfluidics Integration of sub-micron scaled three-dimensional elements into microfluidic 171,172
channels to create filtration systems, stirrers, microfluidic valves or optical elements
for lab-on-a-chip systems.

Biology
Protein Crosslinking Characterization of cell adhesion and spreading on linear patterns created on 173,174
crosslinked matrix molecules and inside living cells.
Biomedical scaffolds Artificial extracellular matrix for tissue engineering applications such as study of cell ~ 175-177
migration and differentiation.

Notwithstanding the extensive range of possible application in fields such as
micro and nanophotonics, micro-electromechanical systems (MEMS), microfluidics,
biomedical implants and microdevices, it has as of yet to be applied to manufacturing and
it is used mainly for research. Several factors hinder the transition to widespread industry
application. Slow speed and small processing volume, high costs of femtosecond lasers,
positioning systems and optics as well as the lack of specially designed materials with
good optical, mechanical and biomedical properties'”®,

However, many of these issues are being resolved, and TPP is transforming
from a research to a production tool. In recent years, considerable progress has been made
in improving the reliability and reducing the cost of femtosecond laser oscillators and
laser systems as well as improving fabrication speeds to match other industry used

techniques!’®.



6. MOTIVATION AND GOALS

Cells response to nano-topographical has been linked to control of cell
phenotype, most notably with human MSC differentiation.

Given the fabrication limitations of early micro and nano fabrication techniques,
initial studies focused on highly ordered nano-scale patterns, which typically resulted in
lower cell adhesion. On the other side, the use of randomized surfaces, such as nano-scale
roughness, have had conflicting results with both positive and negative reports on in vitro
adhesion and in vivo implant integration. Following an intermediate approach (between
highly organized and completely random), work by Dalby et al., (2007)'”° has shown that
patterned surfaces exhibiting controlled nano-disorder were able to induce rapid
osteogenesis from skeletal stem cells with similar efficiency to chemical stimulation'°.

The concept of using complex geometries to induce\instruct cell behaviour is an
area where two photon based fabrication may excel, since it is capable of restraint free
3D fabrication at nano-scale. As such, the main objectives of this project can be divided
into three main parts. First, develop a working knowledge of the 3D photolithography
system, its fabrication process and technical limitations. Second, design and fabricate
micro\nano patterns and study their influence on stem cell behaviour, such as orientation
and shape. Third, develop alternate structures and patterns for single cell analysis and

migration studies and finally and test\optimize a custom PLA-based biopolymer for TPP

applications.



MATERIALS AND METHODS

7. MICROFABRICATION MATERIALS

Photocrosslinkable resins IP-L 780, IP-G 780 (NanoScribe GmbH), and
methacrylate poly-lactic acid (in-house prepared) bio-polymer were used without further
processing. Developer agents include isopropyl alcohol (IPA), propylene-glycol-methyl-
ether-acetate (PGMEA) and propylene carbonate (PC). For soft lithography procedures,
polydimethylsiloxane (PDMS, Sylgard 184 elastomer, Dow Corning, USA), polystyrene
(PS, GoodFellow, Cambridge Ltd. UK) and Fluoroctatrichlorosilane (FOTS, Sigma-
Aldrich, USA).

8. PHOTONIC 3D SYSTEM

Fabrication was performed with a 3D laser lithography system (NanoScribe
GmbH, Photonic Professional). The excitation source was a femtosecond (fs) laser with
an emission centre wavelength, pulse duration, repetition rate and peak power of 780nm,
~100fs, 80MHz and 25kW respectively. The laser beam was focused within the resin
using a 100x or 63x microscope objective with a numerical aperture of 1.4 and 0.75,
respectively. The main components and configuration can be seen on figure 6:

XY-Stage
Optics cabinet

Piezo stage

‘/ Microscope

1 ]
Breadboard

Table frame

/ m Electronic rack

Workstation

Figure 6 — NanoScribe’s Photonic 3D. The optics cabinet is mounted on a breadboard and holds the laser and optic.
Microscope is a Carl Zeiss Axio Observer equipped with motorized coarse stage (XY-stage) and a piezo stage as well
as a live imaging system, focus dial and autofocus system. Image from NanoScribe operational handbook manual'®'.



8.1. PROCESS WORKFLOW

When photoresist materials are used in micro-device fabrication, a processing
protocol including some steps has to be followed. Substrate cleaning, photoresist
deposition, material exposure, and development are the main stages (Figure 7).

; Fabrication

Substrate Preparation o T
“Loading Soft Lithography

*Exposure el + R eplication

*Development

3D Design «Cleaning
*Deposition

Figure 7 — The workflow of the two photon polymerization fabrication process starts with a 3D model of the desired
structure. To initiate the fabrication process, the substrate is first cleaned, the photoresist deposited and loaded into
the microscope to initiate the exposure phase. When finished, the structure is placed in a developer bath, to remove
unpolymerized resist and it is ready for use or replication.

8.1.1.STRUCTURE DESIGN AND HARDWARE CONTROL

Hardware was controlled using NanoScribe proprietary software NanoWrite 2.1
and fed GWL (general writing language) programs, containing relevant information
regarding laser focus trajectories and parameter configuration.

Objects were programmed using NanoScribe coordinate based programing
language DeScribe v2.1. Additionally, structure design may also be exported from CAD
(computer assisted design) software as STL (standard tessellation language) format and

converted to GWL by NanoSlicer v2.1.

8.1.2.SUBSTRATE PREPARATION

Standard 30mm, 170um thickness, glass cover slides were rinsed with isopropyl
alcohol (IPA), dried under nitrogen stream and used without further treatment. They were
secured in a substrate holder by rubber cement glue and the resist was drop cast on the
top side of the glass slide as depicted on figure 8-a. When using the 100% objective a drop

of immersion oil was added on the bottom side, as illustrated on Figure 8-b.

b) 100x objective 63x objective
Resist Resist
1]
Substrate ======A-=-=-" Substrate
Immersion oil i Air
1]
i L
Lens H _ ens

Laser focus Laser focus

Figure 8- Deposition step of the substrate preparation process. a) Drop of photoresistive material cast on to a glass
slide. b) Illustration of laser focus position when using 100x (left) and 63x objectives (right). The 100x objective is
placed in contact with an immersion oil and 63x is exposed to air.
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8.1.3.FABRICATION

Upon substrate fixation, photoresists were prepared, handled and development

as shown in Table 4:

Table 4- Fabrication parameters for different tested photoresistive materials.

Photoresist Material state Handling Prebake Post-bake Development
IP-L 780 Liquid Drop cast None None PGMEA/IPA
IP-G 780 Sol-Gel Drop cast 1h @ 100°C None PGMEA/IPA

Biopolymer Liquid Drop cast None None PC

Fabrication was initiated with the laser being focused along a predefined pattern
within a suitable photoresist (Figure 9.a). Afterwards, the unsolidified remainder of the
photoresist was removed, using the appropriate development agent (Figure 9.b).
Afterwards, remains of the development solution was removed by IPA rinse and dried by
gentle nitrogen stream or left to evaporate at room temperature, leaving the newly
fabricated microstructures on the substrate (Figure 9.c).

a) b) ¢)
. |

§ '
G—T-“-'-:-, =

Figure 9 -Representation of TPP fabrication procedure. a) Laser focus within a light sensitive resists induces a
polymerization reaction. b) Development step, where uncrosslinked resist is washed away by a solvent bath. c) Finished
object. Images from: Application note, Three-Dimensional Microfabrication by two photon polymerization'*.

Upon completion, samples were visually inspected, by scanning electron
microscopy (SEM; Philips XL-30, Netherlands) with secondary electron (SE) detection
and sample stage with a 45° tilt for better 3D visualization. The samples were
nonconductive polymer and therefore required a gold coating process, by sputtering at 30
mA for 40 seconds in argon atmosphere. Additionally, structures were also visualised

using fluorescence (E600, Nikon, Japan) and generic optical microscopes.

21



8.2. SOFT LITHOGRAPHY

Soft lithography techniques were used to replicate 2PP constructs. An overview

of the different procedures is represented in the following schematic:

TPP fabricated structure PS/PLA replica
anoann LLLLLL .
e Gz | (@)

Non-stick coating De-moulding

PDMS-casting
PS/PLA casting

..-."....:.: a0y,
. L
.':‘ .:c
.4 L I l
| Glass substrate | (b)

PDMS
C
Glass substrate ( ) (e)
PDMS peeling \ ’ Rinsing and drying
(@

PDMS negative mould

Figure 10- Soft lithography replication process: a master mould containing a TPP fabricated construct was coated
with a non-stick layer and cast on to PDMS (steps a through c). The negative PDMS mould was peeled of the glass
substrate, rinsed and used to pattern PLA and PS sheets (steps d through f). Lastly, the PS and PLA replicas were
removed from PDMS mould.

8.2.1.NON-STICK COATING

A non-stick coating was prepared using a chemical vapour deposition process.
A sealed petri dish was heated, along with 2PP fabricated sample at 120 °C for 15 minutes.
Afterwards, one drop of Fluoroctatrichlorosilane (FOTS) was placed inside on top of the
cover slide, resealed and once more heated at 120 °C for 2 hours. Afterwards, it was let
to cool into room temperature before reheating at 100°C for 1 hour. The petri dish with

sample was then removed from the oven and cooled at room temperature.
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8.2.2.MOULD PREPARATION IN POLYDIMETHYLSILOXANE (PDMS)

PDMS was mixed with the curing agent in a 10:1 ratio, stirred for 5 minutes to
homogenize and centrifuged at 4000rpm for 1 minute to remove air bubbles. The mixture
was cast onto the master mould, placed inside a desiccator connected to a vacuum pump
for 15 minutes for further degassing and better PDMS fill of mould features. Finally, the
PDMS was cured in the oven for 3 hours at 60 °C, manually cut and peeled from the

master mould, cleaned with ethanol and dried under nitrogen stream.

8.2.3.HOT-EMBOSSING (PS/PLA CASTING)
8.2.4. THIN FILM PRODUCTION

Polystyrene (PS) and polylactic acid (PLA) films were used to create replicas
from the PDMS negative mould. The PLA film was prepared using high molecular weight
PLA pellets, compressed to a film whose thickness could be controlled by means of hot-

press. Film preparation parameters are presented in Table 5.

Table 5- Hot-Press parameter settings for PLA thin film fabrication.

Material Temperature Pressure Weight Thickness Diameter
O (kN) (8 (nm) (cm)
PLA 150.00 50.0 6.14 0.55 119.3

The pellets were placed on top of a metal square base with a sheet of Teflon,
followed by a metal frame, to prevent overflow of the PLA when it reaches its melting

point, covered again with Teflon sheet and place another metal square on top as seen on

Figure 11.

o Metal frame —__
= —=ill

Polymer pellets —— > '

_—— et

———— Teflon sheet /

s
/

/

¥ Steel base B

Top view Front view

Figure 11 —lllustration representing top and frontal view of the hot embossing apparatus. The components are layered
as follows: steel base, teflon sheet, metal frame, PLA pellets, metal frame, teflon sheet, steel base.
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The hot-press was pre-heated up to 150°C, the sample placed in the middle of
the blocks and compressed at SOkN and 150°C for 5 minutes. It was then cooled at room

temperature or by nitrogen stream and cut into small discs using a steel puncher.

8.2.5. IMPRINT

PS and PLA, replicas were fabricated as illustrated on Figure 12. The setup was
secured via clamps and layered as follows: glass slide, teflon, PDMS mould, PS\PLA
film, teflon and glass slide. After assuring proper balance and stability, the sample was
cured for 1 hour at 60°C and 15 minutes at 60°C for PS and PLA, respectably and finally

cooled with a nitrogen stream or at room temperature.

S

Glass slide

Teflon
PS\PLA film

PDMS
Glass slide

TN S

Figure 12 - Overview of imprinting process, a) through f). Glass slide with PDMS master mould sequentially adding
PS or PLA thin film, layer of Teflon, glass slide and paper clamps.

9. CELL CULTURE MATERIALS

Triton X-100, Tween-20, bovine serum albumin (BSA) and
hexamethyldisilazane (HMDS) were obtained from Sigma-Aldrich, USA, and used
without further processing. Phosphate buffered saline (PBS), Minimum Essential
Medium o (a-MEM), fetal bovine serum (FBS) and trypsin were from Gibco, Life
Technologies, USA. Fluorescein isothiocyanate (FITC) conjugated antibody for vinculin,
focal adhesion kinase (FAK) rabbit antibody, F-actin probe Alexa Fluor™ 594 for
phalloidin, secondary antibody Alexa Fluor 647 anti-rabbit and 4’,6-diamidino-2-
phenylindole (DAPI) were from Invitrogen, Life Technologies. Human osteosarcoma cell

line MG-63 (ATCC CRL-1427) was obtained from ATCC-LGC, United Kingdom.
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10.CELL EXPANSION

Prior to cell culture, for sterilization, all samples were washed two times with
70% ethanol for 5 min, one time with phosphate buffered saline (PBS) for 5 min,
transferred to new tissue culture treated plastic well plates, washed again with PBS for 5
min, and left in incubation with medium for at least 30 min before aspiration and cell
seeding.

Human osteosarcoma cell line MG-63 was used with Minimum Essential
Medium o (a-MEM) supplemented with 10% fetal bovine serum (FBS), 1% penicillin
and streptomycin and 1% L-glutamine. Cells were cultured at 37 °C in a humidified
atmosphere of 5% CO2. Medium was replaced every 2 or 3 days. Upon reaching 80-90%
confluence, cells were trypsinized with 0.25% trypsin in ethylene-diamine-tetraacetic
acid (EDTA) for 5 minutes at 37 °C. Trypsin was inactivated with three times the volume
of medium, and sub-cultured in standard culture flasks or seeded for experiments. In all
experiments, MG-63 cells were seeded at a density of 7500 cells/cm?, in a working

volume of 1.5 mL for 24-well plates and 2.5 mL for 12-well plates.

10.1. CELL MORPHOLOGY AND ATTACHMENT

Cell morphology and attachment were evaluated by a four channel fluorescence
imaging of nucleus, F-actin, focal adhesion kinase (FAK) and vinculin. Cells were seeded
and cultured on 24-well plates for 1 and 3 days, as described above. For imaging purposes
all samples were done in triplicate. At each time point the medium was removed, samples
were washed with PBS and fixed with 4% paraformaldehyde for 20 min at room
temperature.

For fluorescent staining, samples were washed twice with PBS, permeabilized
with 0.1% Triton X-100 in PBS for 5 min, washed twice with 0.1% Tween-20 in PBS
(PBST). They were incubated in blocking buffer (2% BSA in PBST) for 30 min, and
subsequently incubated overnight with a fluorescein isothiocyanate (FITC) conjugated
antibody for vinculin (1:750 in blocking buffer) in combination with primary rabbit
antibody for FAK (1:500 in blocking buffer). On the next day the samples were washed
twice with PBST, incubated with F-actin probe Alexa Fluor® 594 phalloidin (1:40 in
PBST) combined with secondary antibody Alexa Fluor® 647 anti-rabbit (1:400 in PBST)
for 1 hour, washed twice with PBS and finally incubated with DAPI (1:100 in PBS) to
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stain the nucleus, for 15 min. Samples were washed again and left in PBS. All incubation
periods with fluorescent dyes were at room temperature in the dark.

Cells were observed with a fluorescence microscope equipped with a mercury
lamp (E600, Nikon, Japan), for lower magnification (10x), and with a BD Pathway™ 435
(BD Biosciences, USA), for higher magnification (20x). The absorption and emission
spectra of the fluorophores, Hg lamp and filters used are shown in Appendix 16.1 - Figure
45.
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TECHNICAL SETUP AND OPTIMIZATIONS

Part 1

This section illustrates the different existent interfaces, the manual trial and error process
of determining them using a 63x objective and its influence to voxel positioning during
fabrication. Additionally represented are particular fabrication issues that led to structure
defect, either from technical limitations (piezo and XY-stage positioning systems), or
microboiling and laser induced damage. Finally, it was shown that it is possible to employ
soft lithography techniques to increase TPP fabrication throughput and rapidly replicate

structures.

11.TPP TECHNICAL SKILLS AND COMPLEMENTARY FABRICATION TECHNIQUES

11.1. WRITING WITH AN AIR OBJECTIVE

Finding the proper laser focus interface is of paramount importance and can
dramatically influence the success of the microfabrication process. While using the air
objective, there are three main zones to consider: air-glass, glass-resist and resist-air

(Figure 13).

Air
Resist - Air
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Figure 13 - Different zones found when attempting to detect the fabrication interface: air-glass, glass-resist and
resist-air. The triangle vertices represent laser focal point using air objective. Blue dashed line represents the air-
glass interface (141-6) and the green dashed line illustrates the glass-resist interface (IG-r).
The air-glass interface is ignored when working with the 100x objective since
the objective is directly positioned inside the immersion oil. This oil is index-matched to

the 170um thick glass substrate and objective lens allows for the glass-resist interface (I-

R, Figure 13, green dashed line) to be automatically detected. This system is only fully
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available if there is a slight difference in the refractive index, between the substrate and
the photoresistive material.

Contrary to the immersion objective (100x amplification), when the system is
set for air objective (63%) writing, the glass-resist interface is not easily detected, thus it
is necessary to trigger a manual approach.

Figure 14 represents the interface finding procedures, using the microscope’s
live imaging system to monitor the sequential writing of test lines positioned at different

laser focus locations.

10pum

— —
10pum 10pum

Figure 14- Sequence of interface finding auxiliary lines. a) Test line written at the air-glass interface. Images b
through d represent test lines at different Z positions e) Comparison between the three test lines.

Reaching the optimal interface is mainly a trial and error process. Figure 14.a
represents a line written at the automatically detected interface (air-glass, 9645.069um).
Unsurprisingly, no polymerization occurred but rather a diffraction pattern. This is a
consequence of light (from a point source) passing through a small circular aperture,
which produces a diffuse circular disc known as Airy disk. This phenomena will continue
to be observable for as long as the laser is focused solely within the glass substrate
(~107um) and less visible during polymerization since it will be obfuscated by light
emitted through the two-photon excitation effect.
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As expected, polymerization starts at the glass-resist interface as seen on Figures
14.b, ¢ and d found at 9741.886, 9738.725 and 97939.585um, respectably. These three
successful polymerization events represent generic positions used to accurately find the

correct interface and are further illustrated at Figure 15.
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Figure 15 - lllustration of test lines used to find the best interface position. Each voxel number denotes a position which
corresponds to the lines seen on Figure 15. Voxel positions 1 and 2 are unusable, 3 and 4 are usable with some
limitations and voxel position n.° 4 is the ideal.

Voxel position n°4 (Figure 15) represents an ideal situation since it has an
optimal surface area to quantity of polymerized material ratio, resulting in very strong
connectivity to the substrate. The remaining positions may not be as secure. Particularly
number 5, as it may not have sufficient area of contact which destabilizes the voxel
(Figure 14.e -5) and might lead to unwanted removal during development phase.

Voxel n°3 (Figure 15) is strongly adhered to the substrate, however the low
quantity of polymerized photomaterial may originate design imperfections or even, in
certain circumstances, such as in large area printing, cause contact loss with the surface,

thus not achieving polymerization.

11.2. FABRICATION ISSUES

11.2.1. LARGE AREA PRINTING

One of the main challenges encountered to develop large patterns was
overcoming the technical limitations of large scale printing (>300um?).
Voxel location may be controlled via two mechanisms with different positioning

accuracies, XY-stage and piezo-stage. The piezo is accurate up to 10nm, however, it is
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confined to a writing area of 300um?. The XY-stage may address a larger area (defined
by the maximum writing area of the current substrate, though its accuracy is only about
1 umlgl .

Figure 16 illustrates a sample holder, capable of storing up to ten samples, as
well as a representation of addressable areas for piezo (grey square) and XY -stage (green

area):

ooo P
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L

Figure 16 —Illustration of a sample holder device capable of storing up to ten sample positions. The green and grey
areas represent the total addressable area by the XY and piezo stage, respectably. Image from NanoScribe operational
handbook manual'®.

This constraint to piezo maximum addressable area, forces larger designs to be
built in modules of up to 300um?, as illustrated on Figure 17.
Consequently, a typical writing cycle would employ the piezo for construction

(coloured grids) and the XY-stage for repositioning after each 300pum block.

A
600um -

300pum

4 >
300pm 600um 600um

Figure 17 — lllustration of stitching method used to create patterns larger than 300um2 with the piezo stage. The
structure was created using blocks of300 and then use the XY stage to position.

While this procedure may, in theory, allow overcoming the area restriction, it
also leads to two different problem sets. First, given the low accuracy of the XY -stage,
an improperly positioned voxel, might lead to design flaws which will destabilize and
collapse structures. The second problem, originates from the constant stage repositioning
which, if not properly calibrated, might lead to misalignment between the XY -plane of

the piezo and the substrate surface (Figure 18).
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Whenever a new sample position (sample holder, Figure 16) is selected, the
system automatically triggers a calibration procedure to compensate for possible substrate
tilt and adapts the design’s coordinates to compensate for this shift. If the piezo stage is
to be used, the calibration points will be evenly distributed throughout the 300x300pum?
piezo range. For XY-stage writing, the measurements will take place over the complete
addressable writing area on the current sample position and needs repeating only when

changing to a new sample position.

Piezo z-axis APpiezo z-axis
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Figure 18 - This figure depicts the principle of tilt correction. To facilitate understanding, the tilt has been reduced to
one direction and the angle has been exaggerated. The left hand side shows the uncorrected situation, the right hand
side demonstrates side demonstrates the tilt-corrected case.

Given the limited calibration area of the piezo, it is necessary to implement a
“MeasureTilt” command, in the GWL script code, to prompt a new adjustment after each
XY-stage repositioning. This action should help preventing structures from not having
sufficient contact to the surface and thus being torn off during development.

Figure 19 exemplifies the occurrence of the aforementioned issues:

b

SRR oo s Zz 1 150pm
Figure 19- Examples of fabrication errors resultant from the technical limitations of large area printing. a) SEM image
of a pattern composed of small dashes (3um length) fabricated by stitching (Figurel7) where a positioning inaccuracy

led to voxel overlap. a.1) Higher magnification image of the defect. b) Beam structures collapsed due to stitching errors
and lack of tilt correction (Figurel 8).

The first image (Figure 19.a) represents a 100x100pum? grid of lines (dashes),

built as illustrated on Figure 17. It is possible to observe the overlapping dashes,
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consequence of the stitching error due to XY-stage inaccuracy. Figure 19.b depicts a
600x900um? structure composed of a series of beams (150x15x10um?) intercalated with
dashes. The design failure can be attributed to a mixture of both mentioned errors since
in addition to the low accuracy issues, there were also problems regarding stage tilt which
resulted in many of the beams to be torn or washed away (due to insufficient contact area),

during development stage.

11.2.2. MICROBOILING AND LASER INDUCED DAMAGE

Technical limitations aside, one of the most common reasons leading to
structural degradation is the uncontrolled increase of temperature during fabrication
which triggers boiling of the photoresist.

This phenomena occurs mainly in two situations: laser power dosage set beyond
the threshold limit of the material, (maximum usable dose to safely process a resist)
thereby generating sufficient heat to locally boil, or even burn, the resist. This effect might
also be observed in the presence of dust particles, air bubbles, crystallites or other
microscopic particles which absorb laser light and induce a localized temperature
increase.

Figure 20 exemplifies fabrication defects resulting from heat induced

deformation and burning.

g

Figure 20 — Examples of TPP heat induced fabrication defects. a) SEM image of a woodpile pyramid exhibiting
microboiling deformation at the top section. a-1)Higher magnification of the deformation. b) Bright field image an
array of 3x3 grids with localized laser induced damage (lower bottom right section). b-1) Higher magnification of the
burnt area.
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Figure 20.a depicts a SEM image of heat induced deformation bubbles on a solid
50%x50x120um? pyramid, fabricated (bottom to top) using a woodpile pattern. The fact
that the defect appears to some extent limited to, the top section is an indication that
initially, the energy dose is not excessively high. It seems however, that the cumulative
effects of continual laser exposure on the same layers in addition to the smaller
dimensions at the top, exacerbate the damage. As a result, when building high structures
(>100um) it might be necessary to dynamically change the laser power in order to avoid
resist degradation or in some cases use top-to-bottom fabrication techniques.

Figure 20.b shows a series of 30x30um? grids, (fabricated under varying laser
power and writing speed settings) presenting a more severe case of localized boiling,
ultimately resulting in burning. Considering that fabrication was performed inside a
cleanroom, the “explosion-like” shape of the burnt area and the fact that no significant
parameters had change between structures, it is possible to attribute this defect to
impurities in the resins, in all likelihood a gas bubble. Given the severity of this and other
defects originated from impurities, in order to reduce the chances of this happening, it is
advisable, but not mandatory, to perform fabrication in filtered and dust free

environments such as a cleanroom.

11.3. SOFT LITHOGRAPHY

In TPP and other fabrication processes, there is usually a close relationship
between speed and quality which may originate high fabrication times. One way of
increasing throughput is by using 3D soft lithography (a moulding technique) in
conjunction with TPP fabrication to generate multiple copies of identical scaffolds 7%,
This is typically achieved using the industry standard, PDMS, which apart from other
characteristics, also exhibits a low interfacial free energy which helps preventing

adherence of most materials'®?.

11.3.1. IMPRINTING PROCESS

Imprints originated from master moulds (2PP constructs) with simple shaped

geometries, such as a pyramid, were easily fabricated and yielded good results.
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Figure 21 represents SEM images of a 10x10x5um® pyramid array and
corresponding polystyrene (PS) replica:

Figure 21- SEM images of TPP fabricated structure and PS replica. a) Pyramid array fabricated by TP. a.1) Higher
magnification of the structure where a ridge-like surface pattern can be seen. b) Polystyrene replica of the array. b.1)
Higher magnification of the imprint which presents a smoother surface than the original mould.

A visual comparison between the master mould and imprint, shows no
significant structural differences apart from some alterations in surface topography. The
original groove-like surface pattern (intentional fabrication design), seems to have been
lost during replication and replaced by a more homogeneous and porous topography.

Despite the success of this procedure for simple structures, objects with intricate,
or fragile parts, may require additional steps in order to increase the chances of

successfully peeling the PDMS, off the master mould, without pattern fracture.

11.3.2. MOULD OPTIMIZATION

Figure 22 represents a 3D model schematic of a pattern with more delicate
features. It is composed of a series of 150x15x10um® beams and 3um dashes filling the
space between them.

Initial attempts to create a PDMS negative mould from this master were
unsuccessful due to remnants of dashes, from the original structure, becoming trapped in
the PDMS spaces and preventing filling. This can be observed in Figure 23.a, which
represents a fluorescence image of the PDMS mould, where the bright spots represent the

unremoved photoresist.
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Figure 22 - Three dimensional model of a pattern. a) Schematic overview of a structure built using beams and dashes.
a.1) Isometric magnification view of the beams. a.2) Magnification detailing the dashes.

To improve the odds off successful PDMS removal, a non-stick coating was
applied, by molecular vapour deposition, to the master mould. Although the procedure

was successful, in diminishing the number of trapped, it did not completely prevent it.

— -

50um 50um

Figure 23- Fluorescence images of PDMS negative moulds. a) Untreated PDMS mould showing a high percentage of
unremoved photoresist represented by the bright spots. b) Non-stick coated mould.
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Figure 23.b depicts the improved outcome of the coating treatment, as seen from
the lower number of bright spots, i.e. dashes. In addition to non-stick coatings, other
authors have reported an alternative, or complementary, method to improve the peeling
process of delicate structures, by attaching the PDMS mould to a piezoelectric stage and

carefully moving it while the original structure substrate was fixed in place'83.

11.3.3. REPLICA TOPOGRAPHY CHARACTERIZATION

To evaluate the efficiency of the replication process to use in various different
designs, polystyrene (PS) and polylactic acid (PLA) imprints were fabricated, using the
PDMS mould from Figure 23.b, and visually inspected via SEM, as seen on Figure 24:

PS

Figure 24 — SEM images of PS and PLA imprints fabricated using the non-stick coated PDMS mould from Figure
24.b). a) Overview of the beam and dashes PS replica. a.1) Greater magnification detailing the PS dashes. a.2)
Magnified view of a PS beam. b) General view of the PLA beams and dashes replica. b.1) Magnified image of the PLA
dashes. b.2) Increased magnification of a PLA beam.

A comparison between PS and PLA imprints, shows no apparent structural
differences apart from a small deformation on the top section of the beams and some
topography dissimilarities in all likelihood due to the differences between materials and
imprinting procedures. It is not clear if this deformation resulted from the replication
processes or if it was already present in the original mould since a thorough
characterization of the TPP construct was not performed.

Planar dimensions were estimated during SEM imaging and appear to be in
accordance to the originally programed parameters, 150x15um? beams and 3um dashes.
Feature height was assessed by white light interferometry and used to generate 3D

average height models as seen on Figure 25:
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Figure 25 — 3D generated model of PS and PLA beam and dashes structures. a) 3D model of PS replica of the beams
and dash pattern. a.1) Height heat map of the PS model. a.2) Measurements of PS features height. a) 3D model of PLA
replica of the beams and dash pattern. b.1) Height heat map of the PS model. b.2) Measurements of PS features height.

Analysis of the graphics (Figure 25.a.2 and b.2), where each narrow peak
represents features found along the y axis (red line, Figure 25.b1 and b.2) of the heat
maps and the wide peaks correspond to measures made along an x axis (yellow line,
Figure 25.b.1 and b.2), revealed similar values for both PS and PLA imprints.

Dash height is on average 800nm and beams oscillate between 8um on the borders and
6pm in the middle which is lower than the programmed height (10um) and also
confirms the deformation seen in SEM images. Larger version of the graphics are
available for consultation in Appendix 16.2 and 16.3 - Figures 46 and 47 for PS and
PLA respectably.

Chapter 11
The following section depicts the learning process regarding photolithography fabrication
and the influence that experimental parameters (such as laser power and writing speed)

have on overall structure integrity. Given the dynamic nature of voxel formation it was
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also shown the inherent iterative process necessary to improve the overall quality of the

structure.

12.EARLY STAGE STRUCTURE DESIGN AND FABRICATION

Initial attempts to construct objects using the 3D photolithography system were
rather unsuccessful. The first test designs comprised of three distinct objects: wireframe
cube and helix arrays, programed using DeScribe and a solid rectangle designed using
CAD software and converted from STL to GWL using NanoSlicer with standard settings.

Figure 26 illustrates the 3D models of each structures and their respective

brightfield and fluorescence image:

50pm

50pm
Figure 26 — Early fabrication stage of TPP constructs. a) 3D model of a wireframe cube. a.1) Brightfield image of
collapsed wireframe cube array. Fluorescence image of the collapsed array. b) Schematic of a helix array. b.2) Brightfield
image of the remnants of the helix array. b.2 Fluorescence image of the helixes. c) 3D representation of a solid rectangle.
c¢.1) Brightfield image depicting the deformation of the fabricated design. c.2) Fluorescence image of the solid rectangle.

These structures were created using IP-L photoresist and the 100 objective with
standard settings. As it is readily apparent, the majority of structures collapsed or have
otherwise been deformed. From these results it was gathered that voxel order formation
and foundation support is necessary requirement when dealing with liquid resists such as

the IP-L. Notwithstanding this result, great deal of information was gathered which
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ultimately proved advantageous for the creation of increasingly stable and complex

structures.

12.1. PARAMETER TESTING

The preceding results exposed the necessity of assessing the effect of certain
operational settings on voxel formation. Thus, a test program was devised to generate a
series of lines written at increasingly smaller distances (100nm between last lines) while
simultaneously varying laser power, 20 to 150 % (increments of 10%) and writing speeds
ranging from 50 to 300pm/s (25um/s increments).

This test is partially represented at Figure 27 and depicts a writing speed of

225um/s at laser power-writing speed axis origin:

100pm
Figure 27 - Parameter sweep test for different laser power and scanning speed values as well as lateral resolution

testing. Laser power is set to increase from 20 to 150 % (increments of 10%) and writing speeds range from 50 to
300um/s (25 um/s increments).

This test was of empirical nature since an exhaustive characterization of voxel
formation would be far too time consuming and not the focus of the project. As such, the
main objective was to acquire a visual assessment of the voxel formation process and

parameter influence on its formation.
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From observation of the different fabricated lines it was gathered that certain
combinations of low laser power and high writing speeds leads to either very fragile and
deformed voxels (50 to 150um/s) or polymerization may not occur (150-300um/s).

Figure 28 represents a line pattern fabricated using 20% laser power and
100um/s writing speed. The lines are deformed and hardly visible, this effect gets
progressively worse as speed increases up to 150um/s and beyond that, the energy dose

is not sufficient to induce polymerization.

Figure 28- SEM image of the parameter test lines for 20% laser power and100um/s writing speed.

For higher values of laser power, there is, as expected'®!, a clear linear
dependence between voxel size and energy dose. Figures 29.a and b represent voxel

fabrication at 100um/s and laser powers of 50% and 150% respectably:

Figure 29-SEM images show the influence of laser power on voxel dimensions. a) Test lines written atl00um/s and
laser power of 50%. b) Test lines fabricated at 100um/s and laser power of 150%.

12.2. ITERATIVE NATURE OF STRUCTURE DESIGN

12.2.1. WOODPILE TEST STRUCTURES

Given the dynamic nature of voxel formation (depends of photoresist, energy

dose and writing speed), when programming a new structure it is necessary to perform a
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dosage test in order to determine the parameters that best fit the design while maintaining
an adequate speed to quality ratio. This is achieved by replicating a structure, or a part of
it, several times at different locations while varying system settings such as laser power
and writing speed, or design parameters such as the distance between individual voxels
and layers.

Figure 30 represents an example of this iterative process by depicting the

successive fabrications attempts of a 30x30x15um® woodpile.

Figure 30 - Iterative process of TPP fabrication. By replicating a structure, or a part of it, the best combination of
fabrication parameters and design is achieved.

This structure consists of layers of evenly spaced three dimensional rods in a
repeatable stacking sequence and were built using the 100x objective and IP-L resist.
From the image sequence it is possible to observe some deformation and other defects
within the middle section of the first image (Figure 30.a), where some voxels appear to
have fused. By progressively changing these parameters, decreased writing speed (Figure
30.b) and lower laser power (Figure 30.c) it was possible to fabricate an object with less

apparent significant defects.

12.2.2. VERTICAL VOXEL

The fabrication of objects through voxel stacking in a xy-plane, although not
without issues, is usually a straightforward process. The same cannot be said for single
voxel extrusion, which is inherently much less stable and has a limited aspect ratio.

The following image sequence represent the various defects encountered during
fabrication of rod-like structures, built using a liquid photoresist (IP-L) and programmed
as single lines plotted in z direction.

Structure collapse due to improper combination of design settings/photoresist
(Figures 31.a and 31.b) and/or careless development procedures (Figure 31.c) was one of

the main issues. Given the low viscosity of the photoresist, high aspect ratio constructs
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were difficult to achieve. If the programed height was high (>10 to 15um) the voxel would

collapsed under its own weight. If the laser power was increased, to created larger voxels,

Figure 31 — SEM images depicting several attempts to create an array of reproducible and stable vertical voxels.

the object would also present defects since the top part would not be supported and would
oose back, creating almost like a coating around the voxel (Figure 31.d).

For a particular combination of parameters an interesting effect was noticed.
Figures 31.d and 31.e represent structures that have collapsed in a controlled and
reproducible way. In Figure 31.e increasing the height beyond the aspect ratio threshold
led to the top section bend in a hook-like manner. This is good example of the
reproducibility of TPP fabrication, since even structure deformation can be replicated and
possibly exploited to develop complex structures that would otherwise be very difficult,
or even impossible, for conventional techniques. In fact, Rezende et al., (2014) has
developed velcro® -like spheroids with interlockable hooks, “lockyballs”, for in vivo
bottom-up modular biofabrication'8*,

The tested parameters were not by any means exhaustive and it would have been
possible to construct higher aspect ratio objects as shown by Obata et al., (2013) who
managed to fabricate structures with heights up to 7mm using a modified optical TPP
setup'®’.

Since high aspect ratio single voxel spikes could not be fabricated in a consistent
manner, a highly reproducible 100x100um? array of Spm spikes was designed and can

be seen on Figure 31.1.
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RESULTS

13.PATTERN MICROFABRICATION

Cells response to topographical cues is a well-documented research area and it
has shown that through a phenomenon known as contact guidance, cells react to surface
features by changing their proliferation, adhesion, migration and/or cell orientation'3¢187,

Micro and nanotechnology have been used to create patterned surfaces that
promote cell alignment and/or induce differentiation. Given the inability to fully replicate
the complexity of cells microenvironment, the choice of optimal surface topography is
not consensual, and patterns are usually developed to target specific areas of interest and
are therefore subjected to personal bias. Some explore the effect of micro-groves (ridges)
dimensions'®, while others such as Dalby et al., (2007) focus on randomly placed nano-
pits!”. Additionally, Unadkat et al. (2011) have developed a TOPOCHIP device, whereas
through a mathematical algorithm, thousands of randomized geometries were generated,
based on simple shapes such as circles triangles and rectangles, in a single chip aimed at
instructing or studying cell behaviour in an unbiased way'*®.

Despite an abundance of studies, exploring numerous geometries, reports based
on patterns with real 3D shapes and variable heights (or other dimensions) within a single
sample configuration are less common'®. This is due to lack of appropriate fabrication
techniques, since traditional photolithography and soft-lithography usually require
multiple process steps, with a number of masks, in order to fabricate variable dimension

patterns on the same substrate!®’.

13.1. STRUCTURE CHARACTERIZATION

Considering TPP’s potential for fabricating arbitrary three-dimensional
structures, several patterned surfaces were developed and replicated in PS to evaluate the
role of simultaneous topographic cues at micro/nano scale, in controlling the shape and
orientation of a pre-osteoblastic stem cell lineage, MG-63.

The effect of structure height (low, high and variable) on cell development was
evaluated by three cylinder based pillar patterns: woodpile pillars, concentric pillars and
variable pillars. Cell orientation induced by micro and nano topography was to be

assessed by the previously presented beams and dash design.
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13.1.1. WOODPILE PILLARS

The first, of four different patterns, was composed by an array of 12um cylinders
fabricated following a woodpile pattern similar to Figure 30. A cylinder shape rather than
single voxel extrusion was used for this and other designs since it allowed for higher
aspect ratio objects than vertical voxels such previously presented at Figure 31.

Three dimensional models, SEM image and pattern parameters are displayed in

Figure 32 and can consulted at Table 6, respectably:

Table 6- Woodpile pillars pattern fabrication parameters.

Pattern Object Fabrication
Size Array Height Diameter Spacing time
(um?) (units) (um) (um) (um) (minutes)
250%250 25%25 12 6 4 ~100

50pum SIDE VIEW

— ISOMETRIC
2,5um VIEW

Figure 32- Three dimensional concept model and SEM image of the woodpile pillars pattern. a) Side view. b) Top view.
¢) Isometric view of a single woodpile cylinder. d) SEM image of the finished pattern with a partially collapsed area.
d.1) Higher magnification of the collapsed pillars.
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13.1.2. CONCENTRIC PILLARS

The second pattern was composed of 3um cylinders, fabricated by stacking
evenly spaced concentric voxels. Three dimensional models, SEM image and pattern

parameters are displayed at Figure 33 and can consulted at Table 7, respectably:

Table 7 - Concentric pillars pattern fabrication parameters.

Pattern Object Fabrication
Size Array Height Diameter Spacing Time
(um?) (units) (um) (nm) (um) (minutes)
600x400 60x40 3 5 5 ~200

a)

WO W O R ORN ONW R RN ORW NN ORW RN RN RN OWR MR RN RN RN SN MY RN RN RN R RN RN NN RN R M MWW WM W W W W M

_—_—
100um LEFT SIDE VIEW

ISOMETRIC
VIEW

)
200pm

Figure 33 - Three dimensional concept model and SEM image of the concentric pillars pattern. a) Side view. b) Top
view. ¢) Isometric view of a single concentric cylinder. d) SEM image of the finished pattern d.1) Higher magnification
of the pillars.
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13.1.2.1. VARIABLE PILLARS

The third pattern was a ramp-like pattern containing pillars with variable heights,
ranging from 3 at the edges to 15um in the middle section. Three dimensional models,

SEM image and pattern parameters are displayed at Figure 34 and can consulted at Table

8, respectably:
Table 8- Variable pillars pattern fabrication parameters.
Pattern Object
Height Fabrication

Size Array (um) Diameter Spacing time

b - X
(o) (units) Min. Max. Increment (rm) (um) (minutes)

380x400 38x40 3 15 0.6 5 5 ~350

st d S A AR N RN ER R T
SIDE VIEW

ISOMETRIC
VIEW

Figure 34 - Three dimensional concept model and SEM image of the variable pillars pattern. a) Side view. b) Top view.
¢) Isometric view of a concentric cylinder. d) SEM image of the finished pattern d.1) Higher magnification of the pillars.

The fourth and last pattern was the beams and dashes structure, whose 3D
models, SEM images and pattern parameters were previously described in chapter I of

Technical Setup and Optimizations: Mould Optimization, page 35.

46



13.2. BIOLOGICAL ASSAY
13.2.1. CYLINDER PATTERNS

All of the patterned substrates were seeded and expanded for 24 and 72 hours.
SEM images of the first analysed pattern, woodpile pillars, (Figure 32.d), revealed
fabrication defects in the lower left section. This was not corrected since it presented an
opportunity to study the effect of a chaotic geometry in the same pattern.

Figure 35 depicts the fluorescence images and a merged brightfield composite

after for three distinct regions: reference area, patterned surface and the collapsed section
after 72h:
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Figure 35 — 72h fluorescence images for woodpile pillars with collapsed section. Red: F- actin stained with Phalloidin
355. Blue: Nuclear staining with DAPI 594. a) Composite image resultant from bright field and Fluorescence images,
divided into three regions: A, B and C, corresponding to Reference area, collapsed section and patterned surface

respectably. A) Further magnification of fluorescence image on the reference area. B) Collapsed Section. C) Patterned
surface.

Visual inspection of the different areas reveal a distinct shift in cellular

morphology between both reference and collapsed area and the patterned surface. The
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majority of cells positioned within the pillar area adopted an elongated shape spreading
extensively across the pillars, however a few cells still retained a rounded shape. Cells
within the collapsed region and the reference area have a similar morphology and show
no significant differences.

Unlike the previous design, cells expanded in the concentric pillars pattern
(Figure 33), seemed to have experienced a different strength of contact guidance, as no
apparent significant change in morphology was detected between reference and the
patterned surface. Figure 36 depicts the fluorescence images and a merged brightfield

composite for a reference area and patterned surface after 72h:

100pm
—

L —
50pm 50pm

Reference area Patterned surface
Figure 36 - 72h fluorescence images for concentric pillars. Red: F- actin stained with Phalloidin 355. Blue: Nuclear
staining with DAPI 594. a) Composite image resultant from bright field and Fluorescence images, divided into two
regions: A and B, corresponding to Reference area, and patterned surface respectably. A) Further magnification of the
reference area. B) Patterned surface.
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The last pillar patterned, variable pillars (Figure34) was meant to detect the
minimum height required to induce the behaviour seen in the woodpile pattern (Figure
35).

Figure 37 shows the fluorescence images and a merged brightfield composite of
a reference area and both high and low sections of the patterned surface after 72h:
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Figure 37- 72h fluorescence images for the variable pillars pattern. Red: F- actin stained with Phalloidin 355. Blue:
Nuclear staining with DAPI 594. a) Composite image resultant from bright field and Fluorescence images, divided
into three regions: A, B and C, corresponding to Reference area, high pillars section and low pillars surface
respectably. A) Further magnification of fluorescence image on the reference area. B) High pillars section. C) Low
pillars patterned surface.
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Analysis of the composite image (Figure 37.a) shows a shift in cellular
morphology in certain areas of the patterned surface. Similarly to the second pattern
(Concentric pillars, Figure 36), cells within the region containing small pillars (height
<6um) do not present apparent change shape change when compared to the reference
area, Figures 37.A and 37.C, respectably. However, as height increases (R; to Ro,
Figure37), cells start to adopt an elongated shape and spread across pillars as previously
seen on the woodpile pillars, Figure 35. This is a good indication of the existence of a
height threshold (around 5-6pum) which is necessary to reach, in order to induce this type

of elongation and morphology change.

13.2.2. BEAMS AND DASHES

Cell orientation through contact guidance induce by micro (beams) and nano
(dashes) topographies was also evaluated.
Figure 38 depicts brightfield and fluorescence images reference area and the

patterned surface after 72h:

= ¥ |
100pum 100pm

Figure 38-72h fluorescence images for the variable pillars pattern. Red: F- actin stained with Phalloidin 355. Blue:
Nuclear staining with DAPI 594. a) Bright field image of the reference area. b) Fluorescence image of reference area.
¢) Brightfield image of patterned surface. d) Fluorescence image of patterned surface
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A visual comparison of the images taken from reference and patterned surface,
show a clear difference in cell alignment since cells located within the beams are aligned
alongside the beams (Figure 38.d) as opposed to the random orientation of the reference
area (Figure 38.b). This behaviour was further illustrated by the composite 24h time point

image seen at Figure 39:

Figure 39 — 24h composite image of the patterned surface. Red: F- actin stained with Phalloidin 355. Blue: Nuclear
staining with DAPI 594. Zones A, B and C represent areas of the pattern without dashes.

It is possible to observe that the majority of cells adhered to the beam walls rather
that. As time progresses several more cells mimic this behaviour and align into a tissue-
like formation (Figure 38.d).

The presence and/or absence of nano cues (i.e. dashes) in zones A, B and C

(Figure 39) seem to have no apparent impact in cell spreading and orientation.
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FUTURE WORK

Parallel to the main project, additional patterned surfaces and large (>100um) 3D
structures, were developed targeting possible applications for single cell analysis and
migration studies. Lastly several PLA-based biopolymer formulations were

tested\optimized for two photon fabrication.

14 MICROPATTERNING FOR SINGLE CELL ANALYSIS

One of the main challenges of biology is understanding how individual cells
process information and respond to stimulus. The average response of a cell was, and
often still is, interpreted as the response of all cells in a sample. However, cell-to-cell
differences are always present to some degree in any cell population, and in some cases
the collective behaviours of a population may not represent the behaviours of any
individual cell. By studying single cells it may be possible to ensure a stronger correlation
between cause (substrate geometry, growth factors, stress, etc.) and effect (migration,
shape or division over time)!*%!%1,

To assist in cells isolation, several techniques that make use of microdevices,
have been reported: microwell arrays, patterning, traps and droplets. Some, such as
microwells create physical barriers to isolate cells, while others enclose cells in droplets
of low volumes (fL to nL) to create micro-chambers for individual reactions. It is also
possible to trap cells at fixed positions by inserting magnetic particles in living cells or
using optical tweezers in order to control and direct a trapped cell'*°.

The micropatterning of surfaces, is also frequently used to spatially arrange
single cells for analysis and its main premise is to provide cytophilic vs. cytophobic
regions by modifying surface chemistry and topography of a substrate. To create the
patterns, several conventional photolithography techniques may be used however they
are usually multistep processes and normally limited to 2D or 2.5D designs'®’.

By using TPP fabrication it is possible to overcome some of the design
limitations of other processes and construct a fully 3D environment. Following this line
of thought, a cage-like structure was developed to serve as a support structure to study

single-cell focal point adhesion while stressed by different 3D geometric patterns.
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Figure 40 displays SEM images of a 100x10x15um? cage-like structure and
various templates, with simple geometric shapes, whose dimensions and approximate

fabrication times can be consulted at Table 9:

Table 9 - Substrate pattern dimensions and approximate fabrication times.

Dimensions Approximate
Object Base Height fabric‘aﬁon time
(um) (um) (minutes)
Spike 1 5 5
Cylinder 3 12 15
Cone 5 3 10
Blunt cone 5 3 15

Figure 40 — SEM images of various substrate patterns for possible single cell analysis application. a) Cage-like
structure with spikes pattern. b) Cylinder array. ¢) Sharp cone array. d) Blunt cone array.

Fabricated structures include spikes and cylinders as well as sharp and blunt
cones (Figures 40.a, b, ¢ and d respectably).

Single cell analysis usually acquires data from hundreds or thousands of
individual cells simultaneously in order not to draw misleading or wrong conclusions
from rare cells or stochastic biological noise!®. As such, it would be necessary to
fabricate a large array of the cage-like structures, as seen on Figure 41.

Each well required approximately five minutes to be built and despite being
technically possible to scale up the project, by fabricating a much larger array (than the
one seen at Figure 41), time constrains and complexity of single cell isolation procedures

precluded their use in biological assays.
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Figure 41 — SEM image of a cage array template for possible application in single cell analysis.

15.MIGRATION STUDIES

Cellular migration is a critical function during many important physiological
processes. This is especially relevant during cancer progression, where cellular invasion
through the extracellular matrix, blood vessels, and secondary tissues, is a prerequisite
for metastasis formation. Some oversimplified invasion protocols, such as the transwell
(or Boyden) assay, show a lack of correlation between compounds that inhibit migration
and invasion in vitro and their efficacy in human clinical trials since they focus mainly
on the inhibition of cell motility and disregard other cellular cues .

Recreating in vivo cellular invasion, which contains an immense 3D structural
heterogeneity is very difficult using conventional fabrication techniques. By using TPP it
is possible to create complex 3D shapes and therefore provide a more realistic
environments.

To assess the possibility of TPP for migration studies, a few test designs, whose

parameters can be consulted at Table 10 were fabricated and displayed at Figure 42.

Table 10 - Object dimensions for structures with possible application for migration studies.

Dimensions
Object Base Height Length
(um) (pm) (nm)
Cone 200 150 -
Half-pipe 50 - 200
Random - - -
Squared hollow pyramid 150 120 -
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50um

Figure 42 — SEM images of different structures with possible application in migration studies. a) Solid smooth cone.
b) Half-pipe. c) Random 3D shape. d) Hollow pyramid. d.1) Greater magnification of the hollow pyramid.

Figure 42 represents SEM images of the programmed structures. These include
a cone, a half-pipe, a random 3D object and a squared hollow pyramid (Figures 42.a, b, ¢
and d, respectably).

Each of the designed objects was programmed to supply a different theoretical
challenge to cells. A smooth surface and high incline of the cone, the ridged step-like
topography of the pyramid, a curved ascending structure of the half pipe and finally an
object with more exotic shape. Although not realistic when compared to the actual cell
microenvironment, these objects and others, can be seen as another example of TPP
fabricated structures with shapes and topographies not easily available for conventional
techniques.

Apart from constructing complex 3D shapes, one the greatest advantage of TPP
fabrication lies on its great flexibility regarding compatible photoresists. For example, it
might be possible to adapt a TPP formulation to include inductive materials that, as shown
by Yuan H. and Fernandes H. et al., (2010)!**, are capable of inducing a response similar

to autologous tissue, to create more accurate 3D models of cells microenvironment.

16.BIOPOLYMER OPTIMIZATION

Despite exhibiting good performance, commercial photoresists may, at times,
not be suitable for cellular and biomolecular patterning applications and their formulation

is usually uncertain'®*. Considering the requirements of certain designs, such as high
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resolution, transparency at certain wavelengths, viscosity or biocompatibility, custom-
made resins may also be developed. These resins can be formulated with specific
components to adjust the mechanical and surface properties and different initiators can
be chosen to be adapted to the laser wavelength!®>.

One approach was to create a hybrid organic/inorganic materials in which the
organic portion acts as the photoresist. For instance, resins containing polysiloxane chains
with acrylate functional groups have been shown to create a photoresist, capable of 3D
stereolithography, with mechanical and optical properties not readily accessible with
acrylates alone'*.

Various formulations of a methacrylate terminated PLA biopolymer were
synthetized using different solvents, Propylene carbonate (PC) and N-vinylpyrrolidone
(NVP). To induce photopolymerization, two photoinitiators, Irgacure 2959 (1-[4-(2-
Hydroxyethoxy)-phenyl]-2-hydroxy-2-methyl-1-propane-1-one) and a Benzophenone
derivative (4,4'-Bis(dimethylamino)benzophenone) were also added to the pre-polymer

mixture. A Poly(trimethylene) carbonate (PTMC) monomer dissolved in PC was

additionally tested.
Table 11 — Polymerization results for different photoresist formulations.
Photoresistive biopolymer composition
Monomers Solvents Photoinitiators
Sample Ratio (%Wt.) Polymerization
PLA PTMC PC NVP Irgacure 2959 Benzophenone
Trial 1
1 50 - 50 - 2 - Negative
2 35 - 65 - 2 - Negative
3 20 - 80 - 2 - Negative
Trial 2
1 50 - 50 - 5 - Negative
2 50 - 50 - 7.5 - Negative
3 50 - 50 - 10 - Negative
4 50 - - 50 5 - Negative
5 50 - - 50 7.5 - Negative
6 50 - - 50 10 - Negative
Trial 3
1 - 50 50 - 2.5 - Negative
2 - 50 50 - 1 - Negative
3 - 50 50 - 5 - Negative
Trial 4
1 50 - 50 - 5 Positive
2 50 - 50 - 7.5 Positive
3 50 - 50 - 10 Negative
4 50 - 50 5 -
5 50 - - 50 7.5 -
6 50 - - 50 10 Negative
Trial 5
1 50 - 50 - - 2 Positive
2 50 - 50 - - 5 Positive
3 50 - 50 - - 7.5 -
4 50 - - 50 - 2 Positive
5 50 - - 50 - 5 Positive
6 50 - - 50 - 7.5 -
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All tests were performed using the 63x air objective. The first formulation (Trial
1, table 11) consisting of a PLA/PC monomer mixture with 2%Wt. Irgacure 2959, a
common photoinitiator for acrylate based resists. The different samples were prepared
using different monomers/solvent ratios (50/50; 35/65; 20/80) to control viscosity. Since
polymerization was not achieved and considering the many factors capable of influencing
polymerization, such as monomer and initiator concentrations, the remaining trials were
performed using a 50/50 monomer to solvent ratio, while varying other parameters.

The kinetics of a photopolymerization system consists of several steps as also
observed for other conventional polymer systems: autoacceleration, autodeceleration,
primary cyclization, oxygen inhibition, termination, and incomplete reaction of the
double bonds'”’. As such, the influence of an UV initiator on the degree of
polymerization, may be approximated by the radical chain polymerization process.

In principle, the rate of propagation in radical polymerization can be controlled
by changing the initiator and/or monomer concentration. Mathematically, this is

illustrated by the first-order rate equation for radical propagation'>*:

12
Rp=-kp[@j [M]. (16-9)

t

Here, f is the efficiency of an initiator I, kq is the rate constant of initiator
decomposition, k; is the rate constant for propagation for a monomer M, and £ is the rate
constant for termination.

Since the concentration of photoinitiator is a determinant factor, additional trials
were prepared to test the PLA/PC composite (samples 1-3, Trial 2, Table 11) with
increasing amounts of photoinitiator concentration (5; 7.5; 10%Wt.). Alternatively, a
PLA/NVP mixture was additionally prepared for the same initiator percentages (samples
4-6, Trial 2, Table 11).

Despite raising photoinitiator concentration and replacing PC with NVP (a
reactive diluent, shown to increase the polymerization rate in acrylate monomers by
reducing the inhibition of free radical photopolymerization by atmospheric oxygen'?®),
both cases have shown no signs of polymerization.

In a parallel test (Trial 3, Table 11), a PTMC/PC formulation with increasing
amounts of Irgacure 2959 initiator (5; 7.5; 10%W?t.), had similar negative results.

The continued negative results, led to a re-evaluation of the photoinitiator

properties and it was verified that its absorption spectra, 200-380nm (Appendix 16.4 —
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Figure 48), did not perfectly match the Photonic Professional system, whose laser source
emitted at 780nm, thus the local excitation due to two photon absorption was 390nm (as
illustrated at the Jabtonski diagram in Figure 1, page 10). A new photoinitiator was
selected, a Benzophenone derivative, with an absorption spectra peak near 380nm
(Appendix 16.5 — Figure 49) and a known polymerization mechanism for acrylate-based
resists!®.

By switching to a new photoinitiator, polymerization was readily achieved.

Figures 44.a and b depict live images of the PLA/PC composite polymerization with 7.5
and 5% Wt. of Benzophenone (samples 2 and 1, Trial 4, Table 11), respectably:

25um 25um

Figure 43 — Live image of polymerization of a PLA/PC composite. a) PLA/PC with 5% Benzophenone initiator. b)
PLA/PC with 7.5% imitator.

It is clear that the PLA/PC mixture containing 5%W?. initiator (Figure 44.b)
presents more stable voxels as opposed to the 7.5%Wt. which appear deformed. The
PLA/NVP (5 and 7.5% Wt.) could not be properly assessed due to interface finding errors.

Mixtures with 10% initiator had negative results for both PLA/PC and PLA/NVP
composites, which is not unexpected since there have been other reports of photoinitiator
efficiency, in free radical polymerisations, to decrease beyond a certain optimum
concentration?®. Further increase of initiator concentration was not desirable since the
inactivated residues, or by-products (free radicals) of initiators, has been shown to have
cytotoxic effects, after certain concentrations’!2%%,

There are three polymerization steps (i.e., initiation, propagation, and
termination). During initiation phase , the photoinitiator is decomposed into a pair of free
radicals upon UV exposure (equation 5.3.1-3).When a large amount, of equally
distributed, photoinitiator is present, the radicals can re-combine before initiating a chain.
This results in most of the C=C double bonds being converted by photoinitiator radicals,
rather than secondary monomer radicals and therefore the reaction might be terminated

after this step. Alternatively, a low amount of initiator, may more easily induce chain
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polymerization of the C=C double bonds and propagation occur as described in equation
5.3.1-5"7.

To optimize photoinitiator concentration a new experiment was conducted to
refine PLA/PC and PLA/NVP formulations with 2, 5 and 7.5% Wt. of Benzophenone
initiator.

The results for 7.5% Wt. initiator were not possible to confirm due to interface

finding issues. Figures 44.a, b, ¢ and d represent SEM images of the successful

polymerization events, samples 1, 2, 4 and 5 (Trial 5, Table 11), respectably:

7
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Figure 44- SEM images depicting the results from trial 5 (samples 1, 2, 4 and 5; table 8). a) PLA/PC with 2%
Benzophenone. b) PLA/PC with 5% initiator. b.1) Further magnification. c) PLA/NVP with 2% initiator. d) PLA/NVP
with 5% initiator. d.1) Further magnification.

As seen on Figure 44, the best results have been obtained using the PLA/NVP
and PLA/PC formulation with 5%Wt. Benzophenone. Despite achieving polymerization,
the samples with 2% Wt. initiator were less robust and in the case of the PLA/PC
composite, voxels appear fragmented. This might have been due to fabrication parameters
not being tuned for those particular composition or due to the myriad of factors that can
influence polymerization efficiency. Also, given the possible cytotoxicity of high

photoinitiator concentration, further usage of this formulation for cellular applications,
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might require an extra “ageing” step, in a solvent bath, to remove, or minimize harmful
by-products.

Due to time restraints, further optimization of the PLA formulation for micro
structures fabrication and proper polymer characterization, such as swelling
characteristics, cytotoxicity and cell adhesion were not possible. Nevertheless, these
results show that it is indeed possible to use a wider range of materials than those
commercially available for two photon polymerization and tailor them to user

specifications.
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CONCLUSION

Fabricating objects using TPP can be a challenging process. Depending on the
complexity of the design, a plethora of settings must be experimentally tested by trial and
error. To determine parameters such as Z layer and XY voxel distances it is necessary to
consider the type of photoresist, laser settings and writing speeds (since these influence
voxel size), along with other operational parameters.

One of the factors that most influences parameter choice is the fabrication time.
Given the relatively low writing speed of the system, which is usually set around
150um/s, it is necessary to make a compromise between stability and speed. This leads
to a reduction of supportive layers in order to lower fabrication times and can sometimes
lead to collapse.

Due to time restraints, further increase in design complexity was not feasible. As
such, simplified models were used to assess the simultaneous effect of nano (in the form
of dashes) and micro cues (beams) on cell motility and orientation. Preliminary results
showed that, for this particular geometry, the effect of micro cues has a greater prevalence
over nano features, by successfully “forcing” cells to align alongside the structures and
form a tissue-like conformation in between beams. However, these particular nano cues
did not seem that have a particular effect.

The cylinder based patterns have hinted at a threshold limit to object height that
is capable of inducing a morphological changes in cell shape. Although similar results
have been obtained by other authors, albeit using different cell lineages, fabrication
methods and fixed height!®®, these results illustrate the potential of this fabrication method
for basic science studies.

Despite TPP being a very powerful technique regarding the fabrication of
complex three dimensional shapes, printing of micro and nano structures is usually a slow
process and therefore it is practically impossible to rely upon on an industrial level.
However, the next generation of TPP based laser lithography systems have recently been
launched and promise tremendous advances.

These new devices, such as recently announced Photonic Professional GT
(NanoScribe, GmbH), implement a set of galvanic mirror, similar to those used in
scanning units of CD and DVD drives, to increase printing speed a hundred fold (up to
100mm/s) and allow fabrication of objects from nano to millimetre scale. The accuracy

of this new galvo stage is up to 10nm, which is a great improvement when compared to
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the coarse stage used in this project which had an accuracy at the micrometre range and
often led to fabrication stitching errors?%3-2%4,

The continuous development of software and hardware as well as novel TPP
specific biopolymers will surely bring even more applications of two photon

polymerization technology in the near future.
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APPENDIX

16.1. FLUORESCENCE SPECTRA
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Figure 45 - Excitation and emission spectra of fluorophores used for staining. Emission spectrum of the mercury lamp used in the fluorescence microscope. Filters

used for

of different fluorophores.
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Source:

https://www.thermofisher.com/pt/en/home/life-science/cell-analysis/labeling-chemistry/fluorescence-



16.2. WHITE LIGHT INTERFEROMETER HEAT MAPS AND GRAPHICS FOR
POLYSTYRENE
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Figure 46 — Heat map and peak graphics obtained by white light interferometry for a Polystyrene imprint.
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16.3. WHITE LIGHT INTERFEROMETER HEAT MAPS AND GRAPHICS FOR

POLY(LACTIC) ACID
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Figure 47 - Heat map and peak graphics obtained by white light interferometry for a Poly(lactic) acid imprint.
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16.4. ABSORPTION SPECTRA FOR IRGACURE 2959

1-[4-(2-Hydroxyethoxy)-phenyl]-2-hydroxy-2-methyl-1-propane-1-one
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Figure 48 - Absorption Specta (% in Acetonitrile) of Irgacure 2959 photoinitiator, from Ciba Specialty Chemicals.
Source: http://www.xtgchem.cn/upload/20110629045632.PDF
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16.5. ABSORPTION SPECTRA FOR BENZOPHENONE DERIVATIVE

4 4'-Bis(diethylamino)benzophenone, 99+%
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Figure 49 — Absorption spectra of 4,4'-Bis(diethylamino)benzophenone photoinitiator from Sigma-aldrich. Source
https://www.sigmaaldrich.com/content/dam/sigma-ldrich/docs/Aldrich/General _Information/photoinitiators.pdf
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